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Abstract
There is a trend in the coatings industry to replace organic solvent-based systems with 
equivalently-performing, environmentally benign products. Waterborne colloidal 
polymers represent a promising alternative. The development of mechanical strength 
and hardness is often enhanced by chemical crosslinking that creates a three 
dimensional network. If crosslinking occurs prior to particle coalescence, however, 
the network will not be continuous throughout the film and a weaker product will 
result. Therefore, an understanding of the relative rates of polymer interdiffusion and 
crosslinking is imperative. The competition between these two processes in an acrylic 
latex containing acrylamide ftinctionality utilising the “keto-hydrazide” crosslinking 
reaction has been studied. The mechanism and factors influencing the rate of the 
crosslinking reaction were investigated in a model system, using spectroscopic 
techniques. The erosslinking reaction was favoured by the loss of water during drying 
and the simultaneous decrease in pH arising from the evaporation of ammonia. The 
fundamental understanding achieved from the model system was used to explore the 
phenomenon within a drying latex film. Measurement of the latex pH relative to 
polymer mass fraction during film formation clarified the expected point of onset for 
erosslinking in relation to particle packing. Gel fraction and swelling measurements 
were used to probe the temporal evolution of the cross-link density. Crosslinking is 
expected when the latex particles are close packed, and there is a rapid increase in gel 
content in a short period. Atomic force microscopy was used to follow surface 
levelling relative to the competing influence of erosslinking with film ageing. The 
flattening of latex particles and interdiffusion lead to the blurring of particle/particle 
interfaces and both were inhibited by erosslinking. The amount of particle 
deformability was identified as a key factor in the amount of surfactant exudation. 
Factors that increase the amount of particle deformation and coalescence (e.g. higher 
film formation temperature, lower latex Tg, and no erosslinking) promoted surfactant 
exudation. Surfactant exudation was inhibited when particles were less deformable 
and slower to coalesce. A more hydrophilic atmosphere (high humidity) encouraged 
surfactant segregation at the interface with the film. Exudation to a “clean surface” 
was triggered by raising the temperature or by raising the humidity
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Chapter 1 -  Introduction and Overview
CHAPTER 1
INTRODUCTION AND OVERVIEW
1.1 INTRODUCTION
Waterborne dispersed polymers {i.e. latexes) are used in a wide range of applications, 
including adhesives, additives for paper, textiles and non-woven fabrics, paints and 
coatings, graphic arts, cosmetics, synthetic rubbers, toughened plastics, paints, floor 
polishes and waxes, sealants, cement and concrete additives and drug delivery systems 
[1]. A latex is a waterborne polymer system, usually produced by emulsion 
polymerisation, in which the polymer is in the form of spheres that are colloidally 
dispersed in water [2, 3]. The growing interest in, and uses for polymer latexes has been 
driven by increasing environmental pressures, especially the need to comply with 
legislation limiting volatile organic compounds (VOC’s) and emissions associated with 
the use of solvent-home coatings and adhesives [1, 2, 4, 5]. Additionally, the use of 
colloidal particles is attractive as they may be purposely designed to produce desired 
particle morphology, composition, sequence distribution, particle size distribution, 
surface groups, molecular weight, glass transition temperature (Tf) and film formation. 
Particles with certain functional groups, for example, can provide sites for erosslinking, 
enabling enhancement of coating strength, resistance properties, adhesion, and 
compatibility with other polymers. Thus, it is possible to achieve nanometre scale control 
of stmcture evolution during film formation to create coatings with particular properties 
meeting end use requirements.
Recently there has been a significant growth of industrial interest in composite latex 
particles with specifically customised physical properties. Composite latex particles are 
usually prepared by a series of successive emulsion polymerisation stages with different 
monomer types. Depending on the polymerisation process variables and the compatibility 
of the materials used, this process can produce structured latexes that exhibit a range of
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particle morphologies (Figure 1.1) including core-shell or inverted core shell structures, 
particles with random phase-separated domains, hemispherical, and multiple lobed 
structures (e.g. “raspberry”) [6].
Core-shell Inverted
Core-shell
Hollow
Phase
fragmented
domains
Hemispherical Multi-lobed
Figure 1.1: Simple illustration showing examples of different types (core-shell, inverted 
core-shell, hollow, phase fragmented, hemispherical and multi-lobed) of latex particle 
morphologies that can be achieved using tailored emulsion polymerisation processes.
One of the main applications of emulsion polymers is in waterborne coatings. In these 
applications the latex, initially present as a colloidal dispersion of particles in water, is 
transformed into a void free and mechanically coherent polymer film. Latex film 
formation, which will be discussed in more detail in Chapter 2, is considered to be a three 
stage process [2, 3]. The dispersion is first cast on a substrate and water is allowed to 
evaporate. In the second stage particles come closer together and are deformed into space 
filling polyhedra due to capillary and surface tension forces. In the third stage polymer 
inter-diffusion occurs at the particle contact areas [3, 7]. The properties of the polymer 
used, such as the glass transition temperature, Tg, and the particle size, and the 
environmental conditions (temperature and relative humidity) are just some of the 
parameters that will influence the film formation process. In addition the use of 
surfactants and salts from the polymerisation will also influence the final properties of the
- 2
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film, such as permeability, wetting, adhesion, durability, and mechanical toughness. 
Latex film formation is therefore a complex process and the study of the phenomenon is 
an important research oQective for both academia and industry. Whilst there has been 
steady progress in trying to understand aspects of the process, and recent development of 
powerful techniques have enabled the study of particularly challenging features such as 
the molecular scale development of mechanical properties with time, there remains a 
need to devise new methods to test concepts rigorously and add to the current knowledge 
and understanding. Once the parameters affecting latex film formation are well 
understood then products can be optimised to provide improved film quality. Then this 
environmentally safe technology will become more commercially attractive.
1.2 OBJECTIVES OF THIS RESEARCH
The overall aim of this research was to investigate the relation between latex polymer 
particle properties, the impact upon the competing processes of film formation and 
chemical cross-linking, and the subsequent influence on the dry film performance, i.e. 
mechanical strength and resistance.
The research work focused on a keto-hydrazide self-cross-linking core-shell latex, that 
consists of a “hard” copolymer core comprising styrene, methyl methacrylate, 
methacrylic acid, diacetone acrylamide (Tg approximately 100 °C), and a “soft” 
copolymer shell of butyl acrylate, methyl methacrylate, methacrylic acid, diacetone 
acrylamide {Tg approximately -15 °C). This latex was designed by Sun Chemical Ltd. in 
order to impart high (and wide-ranging) chemical and mechanical resistance to coating 
formulations for use in packaging applications, such as heavy duty sacks (requiring 
outdoor resistance), carrier bags, bread and fruit bags, snack foods packs, heat shrink 
wrapping, milk cartons, nappies and other sanitary products [8]. Furthermore, it was 
hoped that this “new” latex system would overcome on-press printing issues, such as 
“skinning”, “drying-in” and poor re-solubility, and post-print processing problems, for 
example reel-to-reel “blocking”, that are often experienced with water-based coatings.
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These issues have significantly inhibited the switch from solvent borne coatings to more 
environmentally benign products within the graphic arts industry [9].
Anecdotal evidence suggested that the system of interest takes approximately 24 hours to 
reach a satisfactory level of strength and mechanical resistance, as gauged by simple 
laboratory tests [8]. Although the dry film properties are a considerable improvement 
compared to previous products, the post print reel-to-reel “blocking” and chemical 
resistance, chiefly to milk and juice products remain inadequate [9]. In addition, coatings 
subjected to extreme environmental conditions -  prolonged exposure to sun, rain, frost 
and high humidity -  are still prone to unsatisfactory deterioration in appearance and 
adhesion. It is still necessary for the formulator to resort to the use of solution polymers, 
co-solvents and plasticisers to resolve these issues [10].
A number of key research questions must be addressed in order to provide sufficient 
understanding to attempt to improve upon these performance issues;
• what is the erosslinking reaction mechanism?
• which factors influence the reaction e.g. pH?
Knowledge of the fundamental chemistry then can be drawn upon to probe the behaviour 
of the film forming latex:
• when does erosslinking occur in latex?
-  before the particles are in contact?
-  after their deformation?
-  after coalescence?
• where does erosslinking occur: shells or uniform throughout?
• what factors influence erosslinking in latex?
-  level of crosslinker?
-  film thickness?
-  particle size?
-  crosslinker partitioning?
• what is the influence of erosslinking on the mechanical properties of the final 
latex film?
- 4 -
Chapter 1 -  Introduction and Overview
This thesis describes the research work undertaken in an attempt to answer these 
questions and contribute to the fundamental understanding of this type of self­
crosslinking acrylic latex system.
1.3 OVERVIEW
Chapter 2 provides an overview of the literature on latex film formation, reviewing the 
principal stages. The main theories of particle deformation and the circumstances under 
which the various mechanisms may predominate are described. The importance of the 
polymer inter-diffusion stage in the development of the film’s mechanical integrity and 
the impact of chemical cross-linking on this process and final film morphology is 
discussed.
The analytical techniques used to characterise the materials used in this research, to study 
the mechanism of the keto-hydrazide cross-linking, and to investigate the film surface 
and bulk properties are described in Chapter 3. This chapter provides relevant 
background and theory detailing the information that can be obtained from each 
technique and the principles of operation.
Chapter 4 presents the results that were obtained from the study of the keto-hydrazide 
cross-linking reaction mechanism and kinetics. Model components, 2-heptanone and 
octanoic hydrazide, were used to simulate the reaction between the diacetone acrylamide 
functional groups, present on the latex polymer molecules, and the amine groups attached 
to the adipic dihydrazide cross-linker, initially added to the serum. A range of techniques 
including Fourier transform infrared spectroscopy, nuclear magnetic resonance 
spectroscopy, and gas chromatography mass spectroscopy were applied in this work.
In Chapter 5 the fundamentals of the erosslinking reaction established in Chapter 4 are 
then used to interpret the complex competition between cross-linking and inter-diffusion 
during latex film formation. Taking account of the catalytic influence of pH on the cross- 
linking reaction the pH change within a drying film was studied as a fiinction of solids
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fraction in order to predict the point of onset for chemical erosslinking. Gel fraction and 
swelling measurements were used to follow the evolution of erosslinking as a function of 
drying time, level of cross-linker, particle size and film thickness. Moreover, atomic force 
microscopy images and surface roughness results were also used to reveal the influence 
of the level of cross-linker, particle size, particle Tg and particle morphology on final film 
topography.
The unexpected appearance of a surface residue and the formation of “blobs” on some 
films prompted further investigation. Thus the nature of and factors influencing the 
appearance of surface residues during film formation of certain films is addressed in 
Chapter 6. Atomic force microscopy, Fourier transform infrared spectroscopy and X-ray 
photoelectron spectroscopy were used to determine the chemical state of the surface as a 
function of erosslinking, particle deformity (via temperature and particle Tg), humidity 
and evaporation rate.
Results from Chapters 4, 5 and 6 were recently incorporated into a paper that won the 2"  ^
prize in the 2007 Roon Awards, organised by the Federation of Societies for Coatings 
Technology. The paper, titled “The Influence of Interdiffusion and Crosslinking on the 
Film Formation of an Acrylic Latex” is expected to be published in the near future in the 
Journal of Coatings Research.
Finally, in Chapter 7, the key results are briefly reviewed and suggestions for future 
research are presented.
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CHAPTER 2
LATEX & FILM FORMATION
2.1 INTRODUCTION
The introduction of legislation reducing and regulating the emission of volatile 
organic compounds has driven industry to convert from traditional solvent based 
coatings to more environmentally friendly waterborne products [1-3]. In response this 
has necessitated an improved understanding of film formation mechanisms since this 
greatly influences the final film structure and properties e.g. mechanical strength, 
adhesion, water and chemical resistance essential for product design and 
enhancement.
This chapter presents a review of the most important theories and some previous 
experimental findings associated with latex film formation research, taken from the 
open literature.
2.2 LATEX SYNTHESIS
In general an emulsion polymerisation commences with a mixture comprising water, 
surfactant, a partially water insoluble monomer and a water soluble initiator that are 
agitated to form an emulsion of monomer droplets stabilised with surfactant [4-5]. 
Figure 2.1 shows a simplistic view of the dynamic equilibrium within the mixture. 
Most of the surfactant present is in the form of micelles. Monomer molecules pass 
from the droplets into the aqueous solution and then into the micelles. On heating, 
free radical polymerisation commences within the micelles. The initiator is often an 
ammonium, potassium or sodium salt of persulphate, as these compounds readily 
decompose to form sulphate ion radicals and these species enter the micelles and 
polymerise the monomer. Additional monomer enters the micelles and is consumed, 
thereby draining monomer from the droplets and other micelles. As the particle 
grows then surfactant from other micelles is adsorbed on to the increased surface. 
The polymerisation process within a particle terminates when a second free radical
Chapter 2 -  Latex & Film Formation
enters. The end result is latex comprising polymer particles, each containing many 
polymer chains that are dispersed in a continuous aqueous (or serum) phase. A 
typical polymer latex particle will be composed of a large number of polymer chains 
with the individual chains having molecular weights in the range of 10^  to 10  ^ g/mol. 
The latex particles are stabilised by the adsorbed surfactant.
Monomer
droplet
O
O Monomer
O T molecules 
O
I
O O
o
^ o
o  Initiator
O
o
o
o
Figure 2.1: Simple illustration of the dynamic equilibrium during the emulsion 
polymerisation process [4].
The emulsion polymerisation process may be tailored to produce a latex and polymer 
with any desired morphology, composition, sequence distribution, particle size 
distribution, surface groups, molecular weight, particle concentration, and film 
forming properties [5].
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2.3 LATEX FILM FORMATION
The film formation process is commonly divided into 3 stages and these are 
summarised diagrammatically in Figure 2.2 [2, 6-8].
0  0 ^ 0 0
Water Loss
Close packing of polymer 
particles
Latex polymer dispersion in water \ Deformation of particles
Homogeneous Film
Interdiffusion
and
coalescence
Dodecahedral structure
Figure 2.2: Simple illustration showing the main stages of the latex film formation 
process. Stage 1 is characterised by evaporative water loss leading to close packing of 
the polymer particles. The particles undergo deformation during stage 2. This is 
followed in stage 3 by interdiffusion and coalescence of the particles resulting in a 
homogeneous film.
During the first stage water evaporates from the dispersion at a constant rate whilst 
the polymer particles, moving under the effect of Brownian motion, become 
increasingly concentrated [9-11]. The rate of evaporation in this step is comparable 
with that observed from water alone, or a dilute aqueous solution containing 
surfactant and electrolyte consistent with the latex serum due to the emulsion 
polymerisation process. As the concentration step proceeds the particles come into 
close proximity, and Brownian motion ceases as the electrical double layers of the 
particles interact. At this point the polymer volume fraction reaches 60-70% (face 
centred cubic packaging (FCC) gives 74% volume solids), depending on the colloidal 
stability of the latex [12] and on the particle size polydispersity.
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The second stage of film formation commences when the particles first come into 
irreversible contact and they begin to appear at the surface of the latex [2]. The 
overall rate of evaporation progressively decreases during this stage [9, 13]. Forces 
accompanying drying {i.e. the evaporative loss of water) that exceed the mechanical 
(both elastic and viscous) resistance of the particles begin to act, resulting in particle 
deformation in such a way that polymeric material fills all the space [14, 15]. The 
FCC-packed spheres are transformed into rhombic dodecahedra [7, 12], producing a 
void free but still mechanically weak film. At this stage interfaces still exist between 
the particles. The compaction-deformation step is considered to be favourable due to 
the influence of capillary pressure between the particles and the significant reduction 
in the total area of the particle-water or particle-air interfaces [12]. Any remaining 
water leaves the film initially via any remaining inter-particle channels and then by 
diffusion through the coalesced layer, that may be a polymer “skin” over a wet layer.
The third stage of the latex film formation corresponds to the healing of the particle- 
particle interfaces [7, 8, 11]. The rate of evaporation eventually slows to approach 
that of diffusion alone. Inter-particle membranes due to the presence of adsorbed 
surfactant break up and this material is expelled into domains or to the film interfaces 
[16]. Dissolution of the cell membranes brings the polymer particle cores into 
intimate contact and permits interdiffusion of the polymer molecules between 
neighbouring particles. The particle boundaries gradually disappear due to the 
molecular mixing [17]. This process is often called “auto-hesion” [18], “maturation” 
[12] or “further gradual coalescence” [16]. During this phase the film properties 
change significantly, as polymer diffusion generates entanglements substantially 
improving the mechanical strength and resistance character of the film [14].
The third stage is generally associated with the development of optical clarity [2], 
however, latex can appear optically clear and film formed, without complete particle 
deformation [7, 15]. On drying some latexes form a transparent film at room 
temperature while others form a fragile, cracked powdery material. This observation 
leads to the designation of a '^Minimum Film Forming Temperature ” (often shortened 
to MFT or MFFT). The MFT may be defined as “the minimum temperature at which 
a cast latex film becomes continuous and clear” [19]. The dry latex remains opaque
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and powdery at film forming temperatures below the MFT. Measurement of the MFT 
is achieved via an apparatus comprising a metallic bar with a temperature gradient 
across it on which the latex material is cast. Film formation proceeds at the higher 
temperature end and at a certain point, corresponding with the MFT, the film appears 
opaque [7, 19]. The measurement is clearly reliant on visual observation and the 
procedure subject to influence from environmental effects. So, MFT might be 
considered a relatively basic measure of the latex, but it is widely used to derive 
information on film formation behaviour, such as the influence of humidity [20, 21], 
plasticiser content [22], latex particle size [19, 21, 24, 25], polymer surface tension 
[25], polymer glass transition temperature, Tg, [26], latex polymer composition [21, 
22], surfactant concentration and type [20, 27], and pH [27].
It is generally accepted that film formation stage two cannot take place below the 
MFT, and stage three cannot occur below the glass transition temperature of the 
polymer.
One can expect different systems to exhibit subtle variations. Uniform particle size 
and low ionic strength promote ordering of the dispersion in the liquid state. Joanicot 
[28, 29] defined this evolution from disorder to order and the break up of membranes 
between particles, necessary to bring the polymer particle cores into contact, as extra 
stages.
2.4 DRYING MODES
2.4.1 EVAPORATIVE DRYING MODES
The mechanism of water loss in stages 1 and 2 is remarkably complicated. The type 
of “drying mode” [6], that may be normal, lateral or both, regulate the drying rate and 
the distribution of water in the latex during film formation. Water may be lost via 
diffusion of water molecules through a polymer skin, or percolation through the 
interstitial network within the film. Water fluxes may develop in the wet regions of 
the coating enabling transport of polymer particles, pigment and water soluble species 
to the wet region boundary with adjacent dry regions of the film. The film
- 12
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morphology and final film properties will be profoundly influenced by the transport 
and subsequent distribution of particles and water-soluble species in the film [29]. 
Drying modes can operate separately or together for a latex dispersion on a non- 
porous solid substrate.
2.4.2 NORMAL DRYING MODE
Drying may proceed normal to the substrate plane, with the movement of a drying 
front from the top downwards through the latex coating [6]. A water gradient occurs, 
with the film drier on the air side compared to the substrate side. Under certain 
conditions, particle coalescence may occur in the dry region resulting in the formation 
of a skin that gradually increases in thickness.
Using evidence from gravimetric water loss experiments, Vanderhoff [9] described 
the drying process in terms of three key steps. The first step exhibits a constant rate 
of evaporative water loss comparable with that of water or emulsifier solution. This 
step relates to dilute dispersions allowing free escape of water at the water-vapour 
interface. The second step corresponds with a rapid decrease in the rate of water loss 
that is attributed to the particles that come into close contact and protrude at the 
dispersion-air interface. This produces a reduction in the area of the water interface 
resulting in a slower evaporation rate. Eventually particle deformation occurs leading 
to surface closing. Step three is characterised by a significantly reduced rate of water 
loss and any residual water is lost slowly either via diffusion through a continuous 
polymer surface layer or through channels between particles. It has been suggested 
that the water loss rate in the third step is consistent with Fickian diffusion of water 
through the solid polymer [25, 30]. However, latex particles with sufficient polar 
material in their shell can form a continuous hydrophilic phase in the film as it dries, 
enabling water to diffusion more easily through this phase [6, 9].
Sheetz [11] proposed that a dry “skin” of coalesced particles forms on top of the latex 
dispersion early in the drying process and that subsequent water evaporation then 
occurs by diffusion through this “skin”. The author suggested that the coalesced
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surface layer exerts pressure on the wet layer underneath, so promoting particle 
deformation. The formation of a “skin” has been supported by Okubo [30].
Croll [10] compared water evaporation from latex dispersions and pigment 
suspensions, and found that they both exhibited comparable water loss rates 
corresponding to 85% of that of water alone. He suggested that the lower rate relative 
to water was due to the presence of particles reducing the overall surface area, and 
proposed a two step process model. In the first step, a flocculated particle region 
forms at the air interface with the surface from which water evaporates steadily 
receding into this region, leaving a dry porous layer that increases in thickness as the 
drying proceeds. A transition layer comprising closely packed particles immersed in 
water exists below the evaporative surface, and beneath this transition layer is a liquid 
phase region containing mobile particles. It was proposed that the dry top region 
would consist of a network of voids allowing passage of water vapour, thereby 
maintaining a constant rate of water loss independent of film thickness. The second 
step commences when the water evaporation rate begins to slow down coinciding 
with the transition layer reaching the substrate, and a decrease in the water 
concentration in the wet region.
As the water evaporates, the water soluble species that are present in the aqueous 
phase adsorb at the polymer/water interface [14], and depending on the type of 
surfactant present in the system, this material may then influence the rate of water 
evaporation in the late stages of drying [8]. Indeed, Winnik and Feng [32] suggest 
that this material creates a hydrophilic membrane network between the polymer 
particles that assists water transport through the film. This phenomenon will be 
discussed in more detail in section 2.7.
Routh and Russel [33, 34, 35, 36] considered the vertical homogeneity during drying 
in terms of a ratio referred to as the Peclet number, Pe, that measures the rate of 
vertical convection with respect to the diffusion coefficient of particles. Whilst 
evaporation concentrates the particles at the moving boundary, diffusion will 
redistribute the particles, as illustrated in Figure 2.3.
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For a stable colloidal dispersion of thickness H, the Peclet number is given by the 
ratio:
HE
(27)A
where E  is the rate of evaporation and Dq is the Stokes Einstein diffusion coefficient 
given by the Stokes-Einstein equation (2.2) in which k is the Boltzmann constant, T is 
the absolute temperature, fj. is the viscosity, and r the particle radius. 
kT
(22;
Dq -
One can see that for the condition P e » l ,  as in Figure 2.3, then evaporation must 
dominate and vertical drying commences readily in the film, whilst if P e « l  then 
diffusion dominates, ensuring vertical homogeneity. So, for a low evaporation rate, 
then the latex film will display uniform vertical water distribution. Latex with a high 
evaporation rate will exhibit vertical non-uniformity of drying.
P e « l
A
\ f
P e » l
Figure 2.3: Simple illustration showing the “competition” between Brownian
diffusion that re-distributes particles, and evaporation that causes particles to 
accumulate at the surface of the latex. The case when diffusion dominates is shown on 
the left and the image on the right shows the case when evaporation dominates and 
particles accumulate at the surface.
15-
Chapter 2 -  Latex & Film Formation
Combining equations (2.1) and (2.2) yields the expression:
_ 6HE7r/ir
kT (2,3)
that clearly shows how, the values of layer thickness, evaporation rate, particle size, 
temperature and solvent viscosity will influence whether there is drying normal to the 
surface.
2.4.3 LATERAL DRYING MODE
A drying front may propagate laterally in the plane of the substrate [6, 8]. This 
phenomenon, as illustrated in the optical macrographs in Figure 2.4, is often observed 
as drying that moves inwards from the outer edges, with the centre region of the 
specimen being the final area to dry.
a B
18mm 5
Figure 2.4: Optical micrographs showing the phenomenon of lateral drying in latex 
films. Image A shows “SCS” latex and image B shows “SP” latex. All films are 
crosslinker-ffee latexes prepared for this research study and were cast on a glass cover 
slip prior to drying in air under ambient conditions.
Hwa [37] described his observations of a lateral drying phenomenon during latex film 
formation in terms of three different zones:
-  a central wet, turbid region;
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-  a peripheral optically clear, dry region;
-  an intermediate cloudy region.
The central turbid region decreases in area as drying proceeds and the intermediate 
region consists of flocculated particles that cannot be re-dispersed in water. Water 
content has been found to be higher in the central wet region, but lower in the 
flocculated and dry regions and as the drying front recedes then water soluble 
components are driven towards the centre [38, 39].
According to Wang [40], surfactant free latex appears to dry uniformly, whilst the 
lateral drying front becomes apparent for surfactant-containing latex.
Ellipsometry has been used to study the passage of drying fronts and has revealed that 
the velocities of the fronts are temperature dependent due to the temperature 
dependence of the evaporation and particle deformation processes [15, 41]. Cryogenic 
SEM studies have similarly shown the existence of drying and consolidation fronts 
[42].
The water fluxes in a lateral drying latex dispersion can carry particles toward the 
edges. Routh and Russel [43] studied non-uniform lateral water loss rate by covering 
regions of drying latex and found that in regions in which evaporation took place, 
water concentration was lower, inducing a lateral flow of water and particles to 
replace it. In the dried film, the uncovered regions were significantly thicker as a 
result of this lateral transport.
The possible causes of lateral transport of water have been explored. It has been 
proposed that, at the beginning of the drying process in a convex drop of emulsion, 
although the water concentration is constant over all of the volume, the absolute 
amount of water is lower near the edges where the drop is thinnest. For uniform water 
evaporation rate, one can expect the water to be depleted first near the edges. During 
drying a water concentration gradient appears directed from the central region of the 
drop towards the edges, and this results in the transport of water from regions of high 
concentration to low concentration [6]. According to Winnik [8] dry regions will 
form first at the thinnest portion of the wet film, so one can envisage that for a large
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area film, for example a painted surface, drying will commence at the thinner 
locations.
Routh and Russel [43] recently developed a model highlighting the driving influence 
of surface tension during lateral drying. They predicted that particles build up at the 
edge of a latex layer in a close packed array and described a particle front that 
separates the central region of the dispersion from the edge where the particles are 
packed together. The drying front gradually moves inwards from the edges, 
separating the dry outer region (with air between the particles) from the region in 
which water fills the space between the close packed particles. These authors derived 
an expression (2.4) to describe the time it will take {tdty) for the water to recede from 
the edges of the layer, using a dimensionless capillary pressure Pcap> The strength of 
the capillary force determines how long water will remain at the edges of the drying 
layer and so determines the extent of lateral drying. Water is “pinned” at the edge of 
the film if Pcap is high. In a dispersion of thickness H  containing particles of radius r,
the dimensionless capillary pressure is given as:
1
P
75 V
3r7o>
where y is the water/air interfacial tension, rjo is the zero shear rate viscosity of the 
dispersion, E  is the evaporation rate, 0m is the fraction of solids when there is close 
packing, and p. is the viscosity of water [6, 43].
The value of Pcap is influenced by the evaporation rate, viscosity, solids fraction, 
surface tension and particle size. For example, for a thick film and small particle size 
then Pcap will be small and conversely, a thin film comprising small particles will 
experience a large Pcap- It also follows that tdry from the edge increases with 
increasing Pcap. Faster evaporation rates (such as at higher temperatures or in lower 
humidity’s) and thicker layers will cause a lower Pcap. Conversely, a higher surface 
tension, dispersion viscosity or particle size will increase Pcap. The amount of particle 
ordering regulates the value of Om that also has a large influence on Pcap. Thickeners 
(modifiers to viscosity) and surfactants (modifiers to surface tension) are expected to
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influence the open time. This model has been tested and verifled by Salamanca and 
co-researchers [44].
The rate of drying is influenced by the polymer particle Tg, with hard particle latex 
systems exhibiting faster drying than one with soft particles, and blends of both [32]. 
It has been suggested that dispersions of hard particles dry faster than similar sized 
soft particles due to the level of the capillary transport of water to the wet/dry 
interface. Latex particles with a high glass transition do not deform during drying at 
room temperature, and so the pore structure that remains can conduct water from the 
wet regions into the high surface area region of the film. In contrast, soft latex 
particles more readily deform and this will lead to smaller capillaries and reduced 
flow of water. As mentioned previously when surfactant is present it may form a 
continuous hydrophilic phase and this would have a larger effect on the capillaries of 
the soft latex dispersions than on the larger pores formed when the hard latex 
dispersions dry.
In latex blends the soft particles can deform to fill the spaces between the hard 
particles. At low values of the volume fraction of hard spheres, the hard particles act 
as obstacles to the diffusion of water through the capillaries of the soft polymer 
matrix. At high values of the volume fraction of hard spheres, the soft polymer plugs 
the pores between the hard particles. This produces obstacles to water flow and the 
drying rate is slower than for the hard particle dispersion itself.
2.4.4 MIXED DRYING MODES
Drying modes are not always clearly defined in real systems. Often two drying fronts 
will co-exist in the system, one moving laterally, the other one moving in a direction 
normal to the surface [6, 42].
- 1 9 -
Chapter 2 -  Latex & Film Formation
2.5 DRIVING FORCES FOR PARTICLE DEFORMATION IN STAGE 2
The clarification of the causes of particle deformation during the second stage of film 
formation has been the focus of extensive research and debate. A number of possible 
causes have been proposed, including air-water, water-polymer, or polymer-air 
interfacial tensions, osmotic forces or surface adhesive forces, and it is highly 
probable that this complex stage of the film formation process is attributable to more 
than one driving force. Subsequently, a number of theories on the driving forces for 
latex particle deformation have been proposed [7, 12], and these include dry sintering, 
capillary theory, wet sintering, and surface layer.
fC =»
B
0=ZD
D
Figure 2.5: Pictorial summary of the particle deformation theories for latex film 
formation. (A) Dry sintering driven by the polymer/air interfacial energy (y^a); (B) 
Wet sintering driven by the polymer/water interfacial energy (ypw); (C) Capillary 
action driven by the water/air interfacial energy (y^a); (D) Surface layer (“skin” 
formation).
The key features are summarised simplistically in Figure 2.5. The arrow indicates the 
position of the water front in the film. In dry sintering. Figure 2.5A, water recedes 
before particles are deformed and the reduction of the polymer/air interfacial energy is 
the driving force. In wet sintering. Figure 2.5B, the particles deform before water has 
evaporated and the driving force is the reduction of the polymer/water interfacial 
energy. Alternatively the process may be driven by the capillary pressure. Figure
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2.5C, arising from the presence of water between the particles, Figure 2.50. In those 
cases in which the water distribution is non-uniform and in which wet sintering is 
favoured, skin formation is predicted to occur. These driving forces are described in 
greater detail in the following sections.
2.5.1 DRY SINTERING (PARTICLE-AIR INTERFACIAL TENSION)
The dry sintering theory, proposed by Dillon and co-workers [45] in 1951, is based on 
the investigations conducted by Frenkel [46] who had studied the viscous creep inside 
crystalline bodies. According to Frenkel [46], the main force responsible for particle 
deformation is the particle air-interfacial tension, y pa. Reduction of the overall surface 
area makes the process energetically favourable.
B
R-w
Figure 2.6: Schematic representation of the sintering of two adjacent particles, as 
proposed by Frenkel [46].
Considering two adjoining particles, as shown in Figure 2.6, Frenkel [46] derived an 
expression, (2.5), to describe the change in magnitude of the angle of deformation, 0, 
with time, for particles of radius, R, and polymer viscosity, rj.
/o2 _  ^ 7 PA^
InrjR
It follows then that the degree of particle deformation increases with increasing 
surface tension and time, t, and decreasing particle size and particle viscosity. As the
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angle 6 increases, the inter-particle voids become smaller, and the tensile strength 
increases. Decreasing the particle size or polymer viscosity will increase 6. In any 
latex the particle size is fixed, but the viscosity can be changed by formulation or 
temperature.
In order for viscous flow to take effect between the particles a shearing stress is 
necessary and this is provided by the surface tension. The authors considered that the 
particles of radius are subjected to a pressure P. The surface tension y pa operating 
over the circumference 2kR tends to pull the two halves together with a force 2Ttrypa. 
In the case of a bubble in a liquid this force causes a higher pressure within the bubble 
than outside. This differential pressure P  operating over the area of circle results in a 
force tüR^P pushing the two halves apart. Balancing the opposing forces then 
Ttr^P = l7try (2.6)
Rearranging expression (2.6) then the pressure on the particles is given as: 
P =
R
According to Frenkel [46] when two spheres undergo deformation in a plane film, the 
decrease in distance between the centre of each sphere and the surface of its contact 
with the other sphere is equal to:
The apparent particle-particle distance, R, as defined in Figure 2.6, is expressed as:
B = 2 (R -w )  (2.9)
w = R - { R - w)= R - R œ s 0  = R ( l - cos0) = ^R 0 ^
B = 2
V
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Substituting for 6 given by equation (2.5) then the particle-particle distance becomes:
\  3 /^  A  (2.12)
B = 2
\ Arnj
Dillon measured the angle of deformation of diluted latex systems for various particle 
radii, and found a linear relationship between & and 1/R, and so concluded that 
sintering of the latex particles does take place by viscous flow with surface tension 
causing the required shear stress.
EXTENSIONS TO DRY SINTERING THEORY
Sperry [21] and co-workers used MFT measurements to provide evidence that 
particle-air interfacial tension can cause particle deformation. They studied the role of 
water in the particle deformation step for hydrophobic and hydrophilic copolymer 
latexes that had been dried at T«Tg. They varied the particle size, time, and water 
content of both the drying film and the drying environment, and modelled the inter­
particle void space as air bubbles shrinking by viscous flow under the action of 
surface tension. It was found that for hydrophobic polymers the measured “wet” MFT 
and “dry” MFT were almost identical and concluded that water does not play a special 
role in the process, indicating that deformation occurred under the action of particle- 
air interfacial tension i.e. a dry sintering mechanism. They suggested that the role of 
water in particle deformation depends on the temperature of the system and that the 
relative rates of water evaporation and particle deformation. Depending on the 
temperature of the system either particle deformation or water evaporation is the rate 
limiting step. If evaporation nears completion prior to full particle deformation then 
particles will deform in air under the influence of surface tension (dry sintering) and 
deformation will be rate limiting. In other circumstances particle deformation will 
occur immediately upon the evaporation of water. Significantly, the possibility of 
other forces acting upon the particles was not ruled out.
The kinetics and rate limiting steps of the film formation process has also been 
studied by Keddie [15, 41] using multiple angle of incidence ellipsometry and 
environmental scanning electron microscopy. The time until the onset of optical
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clarity was determined as a function of the temperature of the latex, and it was found 
that the position of the polymer Tg with respect to the temperature of the film 
formation process is a critical parameter. When the film is formed well above the Tg, 
evaporation of water and deformation of particles occur in tandem, and evaporation of 
water is the rate-limiting step. When Tg and film formation temperature are closer in 
value then the particle deformation process becomes the rate limiting step i.e. water 
evaporates first, and then deformation of the particles occurs driven by the polymer 
surface tension, consistent with dry sintering theory.
Further evidence for the deformation of particles, via dry sintering, has been provided 
by Chainey [47], and Rosenzweig and Narkis [48-50].
Brown [51] and Sheetz [11] objected to Dillon’s dry sintering concept. Brown [51] 
highlighted the existence of well-established evidence that water evaporation and film 
formation occur simultaneously, and so the polymer-water interfacial tension must 
influence the driving force of particle deformation. In addition, the model assumed 
purely viscous flow and ignored the visco-elastic character of the polymer. He stated 
that slightly cross-linked particles will undergo deformation, and would not exhibit 
purely viscous flow.
Indeed, it has been suggested that adhesive forces, arising for example from the 
double layer and van der Waals interactions, are sufficient to deform latex particles. 
Kendall and Padget [52] derived a predictive factor called the crumble number that 
indicates when the surface forces are sufficiently strong to dominate elastic resistance 
and thereby lead to complete particle deformation. However, only elastic deformation 
is considered. Mazur and Plazek [53] investigated studied “neck” growth at a 
constant temperature between polymer spheres and plates of similar polymer and 
found that in high molecular weight polymers at least the early stages were entirely 
elastic with viscous flow not developing until much longer times. Lin and Meier [54, 
55] related the time dependent compliance function to AFM measurements of 
corrugation heights in mono-layers of latex particles. Their measurements led to the 
conclusion that elastic deformation is the dominant mechanism and that viscous flow 
is no more than 6% of the elastic response.
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2.5.2 CAPILLARY THEORY (WATER-AIR INTERFACIAL TENSION)
An alternative mechanism for particle deformation, called capillary theory, was 
developed by Brown [51] in 1956. He considered the forces available that could 
promote particle deformation and those that resist it, and reasoned that deformation 
occurs as long as the promoting forces are stronger than the resisting ones.
The forces promoting deformation are:
• van der Waals attractions (Fvw), the normal attractive forces leading to the 
flocculation or coalescence of emulsions and dispersions.
• gravity (Fg), which leads to settling in a dispersion.
• surface tension (Fs) produced by the curvature of the surface.
• capillary forces (FJ, resulting from the presence of a water surface of negative 
curvature in the interstitial capillary system, which is present during the period 
of water loss. This force begins to operate only after the solids are increased 
to a certain critical level.
Those resisting it are:
• electrostatic repulsion (Fg/) between the polymer spheres
• elastic resistance of the particle to deformation (Fr).
So, deformation will take place when the following condition is fulfilled:
F„ + F^  + F, + F^>F„ + p  (2.13)
The author contemplated the relative contributions of these forces and concluded that 
when the particles are no longer mobile the influence of Fvw, Fg, Fs and Fg/ become 
comparatively negligible, thereby reducing the condition to:
F; > F: (2.7^
At this point the polymer particles which are in contact begin to appear at the surface 
and the water is confined to concave interstitial areas.
- 2 5 -
Chapter 2 -  Latex & Film Formation
It was proposed that as water evaporates from the interstices between close packed 
spheres, the capillary pressure increases reaching a maximum when the water level 
corresponds to a circular interstitial capillary aperture which exists in the plane that 
passes through the centres of three adjoining particles. This is contrary to Frenkel’s 
model.
The capillary pressure arises as a result of isolated concave areas of water due to 
polymer particles touching. The force operates over the entire area of contact 
between water and polymer in a direction normal to the interface. As the water 
evaporates from the close packed spheres the capillary pressure increases and reaches 
a maximum if the water level reaches the “throat” of the interstitial capillary. The 
“throat” is the narrow capillary which exists in the plane passing through the centres 
of the three adjacent particles, as illustrated in Figure 2.7.
Figure 2.7: Geometry of the capillary system between three adjacent particles.
Applying Laplace’s principle to the capillary pressure of the system in Figure 2.7 
yields the following expression (2.15) for the capillary pressure Pc, where y is the 
surface tension of the water in the capillary and in this case r is the radius of the 
capillary:
( 2 . 7 ^
 ^ r
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Using geometry then: 
^  =cos30-
r + R
Using expression (2.16) and substituting for r into (2.15) Brown determined the 
capillary pressure Pc at this location as:
ÏWA (2-27)Pc =12.9
R
Brown [51] then considered the resistance of the polymer spheres and used a model of 
two elastic spheres pressed together. The pressure required to bring the spheres 
together was calculated as a function of the elastic shear modulus G of the polymer. 
In that case Pg averaged over the contact area is given by:
P  ^ = 0.37G (2.18)
Assuming that the forces in expression (2.14) are proportional to the respective 
pressures Pc and Pg then
7  ^ >7^ (2.7^
If the pressures are exerted on the same area, A, then equation (2.19) becomes
'iêlmiyo.liGA
R
That simplifies to a criterion (2.21) for film formation to occur then:
G <35
R
There are a number of issues with Brown’s theory. It is assumed that areas on which 
capillary and deformation forces act are equal and the polymer particles are purely 
elastic. Several authors have argued that capillary forces are not strong enough to 
ensure complete deformation of the particles, even when the radius is small [12].
- 2 7 -
Chapter 2 -  Latex & Film Formation
EXTENSIONS TO CAPILLARY THEORY
Mason [56] highlighted that the areas over which the capillary pressure and the 
pressure due to contact act are not equivalent. The capillary pressure acts over the 
area where the capillary and the polymer spheres are in contact (Figure 2.7). The 
pressure due to contact acts over a circle of contact between the spheres, as shown in 
Figure 2.6. Therefore, the area term in expression (2.20) cannot be cancelled. Mason 
[56] repeated the analysis using corrected values for the areas, such that the condition 
for film formation became:
67.6/ (2.22[)G<
R
Mason [56] also highlighted that Brown [51] had wrongly assumed that the capillary 
pressure remained constant whilst the latex particles coalesced, and so he derived 
another modification to the condition equation for the capillary pressure, based on the 
deformation of the elastic spheres:
266/ (2.23G<
R
Eckersley and Rudin [19] pointed out that Brown and Mason had only used an elastic 
model to describe deformation of the particle spheres. This would imply that on 
removal of the applied stress then the spheres would regain their original shape. They 
pointed out that the viscoelastic relaxation of the polymer should be considered to 
describe the deformation of the particles satisfactorily. Eckersley and Rudin [19] 
derived an alternative criterion for film formation:
1 34 / (2.24)
where J( t)  represents the time-dependent creep compliance of the polymer.
However, when this criterion was tested they found poor agreement of experimental 
values, and concluded that capillary forces alone are not sufficient to account for the 
degree of particle deformation observed. The agreement improved when they added a 
contribution from particle-water interfacial tension, and so they concluded that film 
formation is consistent with a mechanism in which both capillary and surface forces
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(polymer-water or polymer-air interfacial tension) act in tandem to promote 
coalescence.
Eckersley and Rudin [57] went on to develop their own time dependent visco-elastic 
model of film formation, based on the interfacial tension forces acting in a 
complementary manner with the capillary force to cause coalescence. The model is 
based upon a two-stage deformation process. In the first stage capillarity deforms the 
particles, and the mechanism for the second stage depends on whether water is present 
or not. If there is a dry layer near the surface, then the polymer-air interfacial tension 
will drive the deformation (dry sintering), but if the latex is still saturated then the 
polymer-water interfacial tension provides the driving force for wet sintering. The 
model assumes that deformations due to each force are additive and the polymer 
behaves as a linear viscoelastic material. The radius of the contact region between 
two particles was calculated as a function of particle radius, elapsed drying time, 
polymer modulus and viscosity, surface tension of water in the capillaries, and 
polymer-water interfacial tension:
^ — r^nniUnrv m^i Prfnrinl (2.25)
a =
c a p illa ry  int e ifa c ia l
I
( 2.807?ViV
I 2.nri j (2.26)
Lin and Meier [54, 55] used model hydrophobic latex to study deformation kinetics 
using atomic force microscopy measurements of changes in corrugation heights as 
deformation proceeded. Particles deformations were probed either in a completely dry 
or in a wet environment. Wet conditions were obtained by exposing the dry particles 
to a water saturated atmosphere. It was observed that deformation occurred ten times 
faster for the wet than for the dry particles, and they attributed this difference to 
capillary pressure arising from the presence of water. The authors calculated capillary 
pressures and forces as functions of water content and polymer water contact angles, 
and showed that capillary pressures, and forces to a lesser extent, increase when water 
content decreases, reaching very high values with seemingly insignificant amounts of 
water in the interstitial regions of spherical particles. Consequently, the authors
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proposed that capillary pressure typically is the dominant driving force for film 
formation.
2.5.3 WET SINTERING (POLYMER-WATER INTERFACIAL TENSION)
The wet sintering theory was developed by Vanderhoff [58, 59] in an attempt to 
explain the deformation of large particles. In equation (2.17) the capillary pressure is 
inversely proportional to the particle radius. In the case of small particles the 
capillary forces are considered strong enough to cause deformation, but they are 
insufficient to cause deformation in systems comprising large particles.
A model was developed in which water-air interfacial tension first forced particles 
into close contact. Consider the deformation of two spheres of radius r in a given 
medium stabilised with a double layer of thickness 5, as illustrated in Figure 2.8.
iPi
Figure 2.8: The Vanderhoff model showing two contacting spheres with double 
layer, showing the radii of curvature r/ and V2 generated when the deformable 
particles form a neck at the point of contact.
As the particles are forced together their double layers interact hindering their further 
mutual approach. With increasing force, the double layer repulsion is overcome to 
bring the spheres together and form a polymer-polymer contact. Once this occurs the 
polymer-water interfacial tension becomes operative causing particle deformation and 
the area of contact between the spheres gradually increases. At the point where the 
two deformable particles come into contact a neck is formed, generating two 
important radii of curvature, designated r/ and r;.
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Using the Laplace equation, the pressure gradient that pushes polymeric material from 
the central region of the particles towards the contact area, thus increasing the size of 
this area is given as
This pressure represents the total pressure causing the deformation of the two spheres.
In this equation, r/ represents the thickness of the adsorbed surfactant double layer, 
and V2 corresponds with the radius of the area of contact between the particles. As r/ 
and V2 are small, then the value of P  can be great even if the value of y is small.
Both ri and vary with 6 as deformation proceeds but their mode of variation during 
wet sintering was unknown. Vanderhoff [58, 59] developed two possible models. In 
model one the radius of curvature r/ is constant and in the second model it increases 
with particle deformation. The two models differing only in assumptions about how 
the neck radius of curvature develops have contradictory predictions. In model one 
the pressure induced hy interfacial tension is predicted to increase with further 
deformation and to be higher for larger particle sizes. Model two predicts that the 
pressure decreases as particle deformation proceeds and that it is lower for larger 
particle sizes. Particles sintering in air follow model two, but it was found that 
particles undergoing wet sintering follow model one.
Vanderhoff [58, 59] agreed that capillary forces play a significant role to force the 
particles together. The pressure exerted by the water layer surrounding the particles 
was calculated and stated to he responsible for bringing the particles together, the 
driving force being the water surface tension. This model does not continue to remain 
valid as particles hegin to appear at the surface of the film.
EXTENSIONS TO WET SINTERING
Evidence that particle deformation can occur via wet sintering has been provided by 
Sheetz [11] and Dobler [20, 60]. Sheetz [11] studied the increase in solids content of
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wet latex agglomerates by a gravimetric method. Dobler [20, 60] followed the solids 
content increase of arrays of model latex particles in water as a frinction of time, 
temperature, surfactant adsorption and neutralisation of acid groups in the particles. It 
was found that for films which remained soaked in water, wet sintering driven hy the 
polymer-water interfacial tension alone, without simultaneous evaporation of water, 
did occur.
The general consensus seems to be that the polymer-water interfacial tension can 
contribute to particle deformation but it is not the primary driver in most systems.
2.5.4 SURFACE LAYER
Sheetz [11] proposed an alternative mechanism for particle deformation comprising a 
combination of capillary, wet sintering and diffusion forces. He suggested that water 
evaporates until the system becomes concentrated and repulsive energy between the 
particles is overcome, resulting in flocculation. The polymer spheres begin to emerge 
from the liquid phase, invoking forces due to capillarity. Sheetz [11] described two 
capillary forces acting on the surface of the latex. One component acts normal to the 
particle surface, exerting compression on the particles under the surface, and incurring 
deformation and compaction. This effect causes water to he squeezed to the surface, 
ensuring that the surface layer particles stay half immersed. The other capillary force 
acts parallel to the surface and is exerted around the perimeter of the surface hole, 
directed toward the centre. The combined action of the capillary forces causes the 
surface holes to close. In order to continue to leave the latex water has to diffuse 
through the membrane layer, and this also generates a vacuum-like compressive force 
over the whole array of particles leading to deformation.
It was considered that the source of the energy for the particle deformation process 
came from the surrounding environment, and was converted to energy for film 
formation via the water evaporation step.
Sheetz [11] described an experiment, supporting his concept, in which latex was cast 
on a support and then a portion of this wet coating was covered with a thin, water-
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permeable, acrylic film in direct contact. Another portion of the same wet latex was 
also covered with the thin film but an air gap was maintained between the two layers. 
Both portions of the latex dried at the same rate, however, the latex that was directly 
covered gave a continuous and clear layer. In contrast, the coating not in direct 
contact with the thin film was cloudy and discontinuous.
Dobler and co-workers [20, 60] observed surface iridescence during latex film 
formation that would support Sheetz’s theory of film formation. Okubo [30] has 
reported that a wet skin on the wet latex surface is visible to the naked eye and 
provided experimental evidence to support the concept of water loss by diffusion 
through a continuous polymer layer.
2.5.5 ROUTH AND RUSSEL PROCESS MODEL FOR LATEX FILM 
FORMATION
Routh and Russel [33] considered all of the previous theories and brought them 
together in a single model (Figure 2.9) that allows the prediction of the deformation 
mechanisms operating under particular conditions of film formation.
They used scaling theory to identify dimensionless parameters to uniquely describe 
the deformation mechanism under specific conditions. The most significant of these 
parameters describe:
• the evaporation time relative to polymer relaxation (reduced parameter G );
• the low shear viscosity relative to high frequency viscosity (reduced parameter
7);
• the time for viscous collapse relative to evaporation time (reduced parameter
The authors considered that for a polymer colloid, the evaporation time is long with 
respect to the polymer relaxation time ( G » l ) ,  and that high frequency viscosity is 
generally small with respect to the low shear viscosity ( 7 / » l )  [36]. They propose
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that the relevant polymer rheology is controlled hy the low shear viscosity that they 
represent using the dimensionless parameter X given by the expression:
(2.28)
Ywa^
where r}o is the low shear viscosity.
Routh and Russel [33] predict that when X is greater than 10000 then dry or moist
sintering describes the deformation. When the value of Xis in the range 1000 to 100 
then the system adopts a receding water front where dry, moist and capillary
mechanism act in series. When the value of X is in the range 100 to 1 then capillary 
forces dominate, hut below a value of 1 then the mechanism converts to wet sintering. 
These mechanisms are summarised graphically in Figure 2.9.
X  =
Ywa^  
10000
100
Dry Sintering (ypj
Receding w ater front
Capillary action
:  Partial Skinning
W et Sintering (y^J 1 Skinning
Pe = 6HE7Tjur
kT
Figure 2.9: Routh & Russel process model for deformation mechanism and vertical 
homogeneity for latex film formation [34].
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Skin formation is possible when the first stage of film formation imparts vertical 
inhomogeneity in the distribution of particles within the film. This is controlled by 
the Peclet number, introduced earlier, that is a measure of the evaporation rate relative 
to diffusion. If this group is small then the particles distribute evenly and deformation 
proceeds as described above. However, at large Peclet numbers particles will
accumulate at the top surface. If the viscosity or modulus of the polymer is low
enough then deformation can produce a skin that slows further evaporation. For 
P e » l  Routh and Russell [33] derived conditions for this inhomogeneity, dependent
on the initial volume fraction of particles and the strength of the particles, X . The
film is homogeneous for X <10 because wet sintering is unable to deform the
particles at the top surface. For X <1 a skin should form. For 1<X <10
inhomogeneous regions with large deformations of particles develop, although voids 
prevent complete closure of the surface skin. From Figure 2.9 it can be observed that 
skin formation, which occurs for values of Pe>l, may occur partially when capillary 
forces are dominant, but is fully expected during wet sintering.
From this discussion it can be concluded then that during the film formation of latex a 
variety of particle deformation mechanisms are operative, depending on numerous 
factors including the mechanical properties of the polymer, evaporation rate, and 
particle size.
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2.6 INTERDIFFUSION AND COALESCENCE DURING STAGE 3
Voyutskii [18] was the first to suggest that physical contact alone between latex 
particles would not be sufficient to produce a strong, continuous film. He recognised 
that the phenomenon of polymer interdiffusion, in which segments of polymer chain 
molecules diffused from one “glohule” to another to form a “strong stable link”, was 
applicable to the latter stage of latex film formation. Voyutskii [19] used the word 
auto-hesion to describe the process of diffusion across particle-particle boundaries in 
latex to yield a continuous film.
de Germes [61] developed the “reptation” model to describe the restricted thermal 
motion of a linear polymer molecule that is entangled in other polymer chains. 
Entanglements prevent larger molecules from undergoing substantial translational 
diffusion. These molecules may he considered as being confined to a tube and their 
diffusion occurs by progressive back and forth motion along the centre line of the 
tube. This worm like motion, referred to as reptation, is characterised by the reptation 
time, T r , that is the time necessary for a polymer to diffuse a sufficient distance so 
that all memory of the initial tuhe is lost. In the bulk state polymer chains exhibit a 
Gaussian distribution of segments, but when chains are confined to the space adjacent 
to the interface they have distorted conformations. Interdiffusion across the interface 
leads to conformational randomisation (and therefore a gain in entropy) and recovery 
of a Gaussian distribution of segments. Experimental evidence has demonstrated that 
for this stage of film formation the rate of diffusion of the polymer increases initially 
and then plateaus with ageing time.
Mechanical strength is not developed until the polymer exceeds a critical molecular 
weight for entanglements, and then diffusion occurs by reptation. Mechanical 
strength is attained when chains have diffused a distance comparable to their radius of 
gyration. Many of the properties are dependent on that is in turn dependent on 
temperature and the polymer molecular weight.
Several other theories have subsequently been proposed, based on the de Germes 
reptation model [61], in order to explain the polymer interdiffusion process [62, 63].
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Whilst the theories differ in detail, they commonly assume that the formation of 
entanglements between polymer chains is responsible for the development of material 
strength.
2.6.1 FACTORS INFLUENCING INTERDIFFUSION
The relatively recent development of techniques such as small angle neutron cattering 
(SANS) [8, 62-67] and direct energy transfer (DET) [8, 68-71], has significantly 
advanced the understanding of interdiffusion in latex films on the molecular level. It 
has been possible to measure the scale of the radius of gyration of the polymer chains 
and the extent and rate of the penetration across the particle-particle boundaries [62, 
64-66, 72, 73]. The research has heen supported by the application of other 
techniques such as fracture and tensile studies [14, 65-67, 72-77] on films that have 
shown cohesive failure through the polymer rather than adhesive failure between the 
polymer particles, confirming the occurrence of healing at the particle-particle 
boundaries. Atomic force microscopy (AFM) techniques, that are more widely 
available than SANS and DET, have been used to follow the evolution of surface 
properties (in particular flattening) assuming it to be a reasonable measure of changes 
within the bulk film allowing study of interdiffusion [78-80] as a function of aging 
[81, 82], annealing effects [81, 83, 84], additive effects (solvent [85], pigment, wax 
[85, 86]), Tg [79, 82], composition [84, 87] and morphology [85] during latex film 
formation.
Various factors influencing the phenomenon of interdiffusion in latex films have been 
reported including temperature [17, 68, 70, 88-90], particle size [70, 73], chain ends 
[68, 72, 73], coalescing aids [69], surfactant [90-93], particle morphology [17, 94] and 
composition [70, 89, 95], functional groups [75, 92, 95, 96, 98], Tg [70, 95], 
molecular mass [68, 71, 99], neutralising groups [75, 98, 100], crosslinking [76, 77, 
96], time [66, 72, 113], and fillers [111-113].
In order to achieve maximum tensile strength in a latex film, the polymer chains must 
diffuse a distance equivalent to the radius of gyration of the critical entanglement 
molecular mass of the polymer [62, 66, 67, 72, 73, 90]. The radius of gyration and the
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rate of diffusion increase with higher annealing temperatures [17, 68, 70, 88-90], and 
the influence of temperature have heen supported by the measurement and 
comparison of activation energies [62, 90] of specific polymer molecules under 
known experimental conditions.
The degree and effectiveness of interdiffusion is related to the molecular weight of the 
polymer [68, 71, 99]. A greater tensile strength is achieved for films comprising 
higher molecular weight polymer. Whilst the diffusion rate of low molecular weight 
polymer occurs faster than high molecular weight material, the molecules are not long 
enough to create sufficient entanglements to resist chain pull out. de Gennes 
predicted that the diffusion in polymers above their entanglement molecular weight 
varies inversely with the square of molecular weight, indicating that shorter chains 
will diffuse faster.
SANS and tensile strength measurements have been used to probe the particle-particle 
interdiffusion for high molecular weight latex with small particle size [70, 73]. The 
polymer chains were significantly constrained, and the entropie elastic free energy 
stored in the constrained chains acted as an additional driving force for diffusion until 
the chains are fully relaxed and randomised. In studies of latices with reduced 
influence of entropie constrainment, the tensile strength huilds quickly then reaches a 
plateau with increasing interdiffusion depth in the order of the radius of gyration. 
Therefore, the location of chain ends is a critical factor [68, 72, 73], and the poly- 
dispersity of the polymer is probably influential.
The emulsion polymerisation process results in sulphate groups at the ends of the 
molecular chains, and these groups will tend to anchor at the latex particle-water 
interface because of the hydrophilicity of the ionic end groups. Low molecular 
weight latex polymers are often prepared using chain transfer agents that do not result 
in ionic groups, and hence these molecules do not have the same affinity for the 
particle-water interface. It follows then that a high molecular weight polymer may be 
expected to orientate with chain ends at the particle surface whereas shorter, lower 
molecular weight polymer molecules, tend to be located inside the particle, de Gennes 
[61] predicted that the chain ends determine the direction toward which polymer
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chains diffuse. In the case of the high molecular weight polymer the chain ends 
would diffuse out simultaneously forming entanglements between particles. The 
lower molecular weight chains, however, have to diffuse a greater distance in order to 
contribute to inter-particle entanglement. A higher population of chain ends at the 
surface would require a shorter interpenetration distance in order to attain maximum 
strength.
Direct mini-emulsification methods have been used to produce latex with narrower 
molecular and particle size distributions and these polymers exhibit faster 
interdiffusion and a higher tensile strength attained in a shorter ageing time than for 
conventionally prepared latex. This behaviour has been attributed to absence of large 
polar chain ends.
In Fickian diffusion, the diffusion distance or the interpenetration depth is expected to 
exhibit a dependence of It has been found that this is the case for low molecular 
weight latex polymer, and during the earlier stages of interdiffusion for higher 
molecular weight systems [110]. High molecular weight latex polymer exhibited a 
cross-over from a to dependence. This character has been attributed to the 
polydispersity arising from the emulsion polymerisation stage. In high molecular 
weight latex polymer, the low molecular weight polymer component of the 
distribution will dominate the fraction of material diffusing at early time scales.
The interdiffusion process is sensitive to the Tg [70, 95] of the polymer. Feng [89] 
compared latex polymers of similar molecular weight but differing in Tg and found 
that the low Tg latex polymer diffuses faster than the high Tg equivalent.
Additives influence the rate of particle-particle interdiffusion. Solvents [69] and some 
co-surfactants [90-93], for example, have been found to increase the diffusion rate 
[14]. This behaviour is attributable to plasticisation of the particles by the additive. 
For volatile solvents, the impact diminishes with time as the solvent evaporates from 
the film. Similarly, water soluble oligomers [114] originating from the emulsion 
polymerisation stage, have also been shown to exert a plasticising effect and enhance 
diffusion rate.
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In contrast the addition of fillers, for example small, soft [111] and hard, cross-linked 
[112] polymer particles, and pigments [113] tend to retard interdiffusion and this is 
attributed to the compatibility of the particles with the latex, and, in the case of 
inorganic pigment, the particles acting simply as physical obstacles.
Some hydrophilic co-monomers, such as those containing carboxyl, amido, or 
sulphonate groups, used in emulsion polymerisation are prone to accumulate at the 
surface of latex particles where they form a hydrophilic shell, or membranes that will 
profoundly influence the interdiffusion process [17, 38, 75, 92, 95, 96, 98]. The 
intermolecular interactions between the polar groups may form ionic or hydrogen 
bonds that contribute strongly to the mechanical properties of the film. However, on 
film formation the hydrophilic shells of particles may not fragment, resulting in 
formation of a cellular structure in which the layers act as cell walls or membranes. In 
some cases interdiffusion will not occur until the membranes rupture. The 
fragmentation of hydrophilic membranes and interdiffusion requires mobility in both 
the membranes and the cores [38]. Joannicot [17] found that annealing allowed 
interdiffusion of low molar mass polymers across cell walls but did not improve film 
strength, as the relatively short chains do not create effective bridges across the 
interfaces. However, annealing at higher temperatures caused cell walls to fragment 
allowing interdiffusion of high molar mass polymer.
On the other hand, interdiffusion may only be retarded by the presence of hydrophilic 
surface groups. Winnik [92] proposed that in systems in which the membranes formed 
are relatively thin and poorly miscible with the core polymer, then interdiffusion is 
prevented. Only when membranes rupture and phases separate can interdiffusion of 
the core take place. In systems in which the core and shell polymers are miscible, 
interdiffusion is not always suppressed. They provided evidence that the core 
polymer may diffuse through the membrane phase and mix with core polymer of 
adjacent particles.
Neutralising carboxyl groups results in the formation of ionic species that exhibit 
dipolar attractions and may form cross-links. The ionic phase that is formed has been
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found to retard diffusion, and the type of neutralising group influenced the level of 
retardation [98,100].
Membrane fragmentation is therefore a function of mobility of the polymer from 
which the membrane is made (restricted by crosslinking through neutralisation of 
surface groups, or temperature), the mobility of the core (function of polymer Tg, or 
restricted by crosslinking of the polymer core), the anchoring of the membrane chains 
to the core (due to surface functionality). Once fragmentation has occurred the 
hydrophilic polymer has been found to form irregular clusters within the hydrophobic 
polymer.
The inclusion of crosslinking within a latex film is considered to be an effective 
means of further enhancing the mechanical strength, chemical stability and solvent 
resistance properties of the final film [77, 96, 101-106, 108, 116]. There are several 
different types of latex crosslinking systems.
“Interstitially” cross-linked latex systems consist of a combination of thermoplastic 
latex particles that are dispersed within a cross-linked polymer network. The major 
proportion of the reaction occurs between the particles of the void filling water- 
soluble polymer functional groups, yielding a continuous network. Some crosslinking 
may occur between functional groups on the surface of adjacent latex particles, or 
between these functional groups and the functional groups in the cross-linked polymer 
network [116].
The introduction of functional groups into the particle structure that can undergo 
ionic, hydrogen or covalent bonding to form an “interfacially” cross-linked network, 
often result in enhancement of latex film strength [115, 116]. Examples of such 
systems are those where:
• reactions occur between particles with different surface functional groups 
[101];
• reactions occur between neighbouring particles, with more than one surface 
functional group [97];
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• reaction between an external crosslinker and particles with specific surface 
functional groups [101, 105, 106, 108, 109, 118].
Typically these systems remain relatively free of crosslinks in the dispersion but 
undergo extensive crosslinking once they have formed a coating on the substrate.
The strength of the final film primarily arises from molecular interdiffusion and chain 
entanglement between neighbouring polymer particles. Thus, one can expect that the 
type of crosslinking system and the complex competition that arises between these 
two processes will greatly affect whether the desired properties are in fact achieved.
If the reaction occurs much faster than diffusion, crosslinks will be confined to 
individual cells, and the film will exhibit similar performance to one comprised of 
pre-crosslinked latex particles [96, 101, 106, 107, 117]. When crosslinking occurs 
prior to particle deformation and interdiffusion, which can be defined as Case 1 
(Figure 2.10), then extensive coalescence and diffusion are prevented and inter­
particle boundaries are retained. The network will not be continuous throughout the 
film and a powdery film with poor resistance and strength will result. The rate of 
polymer diffusion varies sensitively with chain length and is also sensitive to the 
presence of branching. When diffusion and particle coalescence occur prior to 
crosslinking, defined as Case 2 (Figure 2.10), the inter-particle boundaries dissolve, 
and a uniform, homogeneously crosslinked film develops. Polymer composition and 
morphology (core-shell, multiphase particles) will also affect the relative rates of 
polymer diffusion and crosslinking.
- 4 2 -
Chapter 2 -  Latex & Film Fonnation
Case 1 (a«1)
#
Intermediate Case 2 
(a»1)
t = 0 Crosslinking rate >
---------------------------------------k. iims
Diffusion > Crosslinking
Diffusion rate
Figure 2.10: Simplified view summarising showing the influence of the competing 
rates of interdiffusion and crosslinking on the cast latex. In case 1, crosslinking 
occurs prior to particle deformation and interdiffusion, preventing extensive 
coalescence and diffusion and retaining the inter-particle boundaries. In case 2 
diffusion and particle coalescence occur prior to crosslinking, resulting in dissolution 
of inter-particle boundaries, and a homogeneously crosslinked film.
For systems including an external crosslinker, dissolved in the aqueous phase, the 
partitioning character of the crosslinking agent further complicates the film formation 
process. If this species does not readily dissolve and uniformly distribute within the 
polymer particles, then localised crosslinking may result. Thus, the film formation 
process is particularly sensitive to the location of the crosslinker, the timing of its 
diffusion into the particles, as well as the mechanics of the film formation process, 
and the relative rates of polymer interdiffusion and chemical crosslinking.
Responding to the increased interest in this subject, Aradian and co-workers [119, 
120] undertook a theoretical study of the competition between interdiffusion and 
crosslinking and introduced a scaling theory. Their work was based on previous 
studies following the evolution of the strength of adhesion between cross-linked 
elastomers. In that research, dangling ends are seen to play the role of connector 
molecules. They promote adhesion without necessarily forming entanglements. The
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energy of adhesion which resists crack propagation is largely dominated by the 
friction associated with pulling chains that span the interface. When individual chains 
can cross the interface multiple times, the strength of adhesion is strongly enhanced.
Aradian [119, 120] considered a system in which the crosslinking agent and the 
reactive functional groups are uniformly distributed in the newly formed film. To 
simplify the complex problem associated with diffusion coupled with a chemical 
reaction, they restrict their model to a latex polymer with a unique length containing a 
relatively small fraction of reactive groups along the backbone. A key assumption of 
their theory is that the introduction of a single long chain branch, formed through a 
chemical reaction between two polymer chains, would prevent further diffusion of 
both polymers. They generated a predictive tool called the control parameter a, given 
by equation (2.29), that is a ratio of the time for diffusion {Tdi^ over the time for 
reaction {Trxt)-
T....
They defined Tdiff as the time for the polymer molecules to have travelled a radius of 
gyration across the particle-particle interface. For entangled chains the time necessary 
for a chain to diffuse over a distance comparable to its size is the reptation time which 
is proportional to where N  is the total number of units per polymer chain, and 
inversely proportional to Ne, the entanglement threshold. Trxn, is the reaction time, 
corresponding to the time for every chain to have undergone branching at least once. 
The reaction time is proportional to the number of active groups on each chain (given 
by N/Nc, where Nc is the number of units between cross-links), and inversely related 
to the reactivity, Q, of the crosslinker.
Thus, equation (2.29) becomes:
C .  n , n .
The major finding of the paper is that there are three major regimes in a\
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1. when the reaction is much slower than diffusion, that is a « l  (Figure 2.10, 
case 2) then the interface heals completely before significant gel develops;
2. when the reaction is fast comparable to the diffusion rate (Figure 2.10, 
intermediate case) the interface becomes frozen in a non-equilibrium state. A 
substantial number of cross-links develop but the density of chains that span 
the interface that does not reach equilibrium;
3. when the reaction is very fast (Figure 2.10, case 1) then diffusion cannot 
compete with the reaction and no cross-linked chains bridge the interface and 
the mechanical strength and resistance of the film is extremely poor. This is 
similar to the case of film formation from latex particles that were cross-linked 
during their synthesis.
These authors considered the evolution of properties that depend upon the interfaces 
and, in particular, examined the interfacial adhesion energy between two 
neighbouring particles in a coating and showed how the interfacial adhesion evolves 
as a function of the key control parameter a.
This model presents the opportunity to predict the performance of a crosslinking latex 
dispersion. The key control parameter a can be calculated as the polymer diffusion 
parameters for a particular latex dispersion, and the reactivity value, Q, can be 
determined from kinetic studies of the chemical reaction, as it is the product of the 
rate constant, k, and the molecular radius of gyration.
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2.7 FATE OF SURFACTANT
Latex films usually contain surfactants as they are added to the reaction mixture to 
emulsify the monomer droplets during the polymerisation process [4, 121, 122]. They 
play an important role in the nucléation of the latex [123] and the control of the 
particle size [124], imparting stabilisation character [123-125] to the polymer particles 
during this process and throughout the shelf life of the product. Moreover, the 
properties of the latex films such as adhesion, mechanical strength and permeability 
are significantly influenced by the distribution of the surfactant in the film [121-127].
Surfactants “are organic molecules that when dissolved in a solvent at low 
concentration have the ability to adsorb or locate at interfaces, thereby altering 
significantly the physical properties o f  those interfaces” [128]. The surfactant 
molecule comprises a lyophilic portion that remains in solution, and a lyophobic part 
that orientates away from solvent interactions. Since water is the solvent of interest 
here then these amphiphiles can be described with regard to their hydrophilic and 
hydrophobic moieties, or “head” and “tail” respectively [128-130].
When surfactant molecules dissolve in water then the hydrophobic group distorts the 
structure of the solvent incurring an increase in the free energy of the system [128, 
129]. In order to minimise the free energy, the surfactant molecules preferentially 
concentrate at the water-air interface where the hydrophobic groups are directed away 
from the solvent. At a well defined concentration the coverage at the interface is near 
maximum, and to minimise further free energy molecules begin to aggregate in the 
bulk phase. Above this concentration (critical micelle concentration (CMC)) the 
system consists of an adsorbed mono-molecular layer, free monomer and surfactant 
micelles in the bulk, with all three existing in a state of equilibrium. The adsorption 
and aggregation phenomenon result from the hydrophobic effect i.e. the expulsion of 
surfactant tails from water [128].
In the latex dispersion the surfactant has more possible adsorption sites available 
compared to an aqueous solution [129]. The surfactant molecules migrate to the 
water-air interface and some adsorb on the surface of the polymer particles forming a
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swollen hydrophilic layer [121]. In both cases the hydrophobic tail locates away from 
the water (at the water-air interface) or it will be inserted towards the polymer phase 
(at the water-polymer interface). The adsorption of surfactant at the outer surface of 
the particles occurs in a state of dynamic equilibrium when the rate of adsorption 
equals the rate of desorption. When the CMC is exceeded then formation of micelles 
will occur in the serum of the latex dispersion in the same way that it occurs in an 
aqueous solution.
It is probable then that the process of latex film formation will influence the 
distribution of surfactants within the film [131]. As surfactants are only physically 
attached to the polymer particles, mainly via hydrophobic interaction then they can 
desorb under certain conditions [124, 132]. The rate of desorption will depend on the 
adsorption fi*ee energy that itself is dependent on the polymer-surfactant interactions 
[122, 132]. It will also depend on the amount of adsorbed surfactant that is a function 
of the total quantity of surfactant in the latex. The moment at which desorption 
occurs is also significant as it will influence the mobility of the surfactant in the latex. 
If a surfactant molecule is desorbed early in the film formation process then it will 
have greater mobility than a molecule that desorbs later.
The behaviour of the surfactant during film formation is a complex process which has 
been the focus of intensive research but which is still not fully understood.
A number of factors have been reported to affect the surfactant mobility and therefore 
its local concentration, such as the distribution of water during stages 1 and 2 of the 
film formation process [126, 133, 134], temperature [121, 124, 131, 135], humidity 
[124, 131, 136, 137], surfactant structure and molecular weight (size and shape, and 
therefore diffusion coefficient) [124, 126, 131, 133, 138], solubility, surfactant/latex 
copolymer compatibility (solubility parameter of the surfactant in the polymer) [124, 
131, 134, 136, 139-141], surface tension of the substrate [122, 126, 131, 134, 141], 
structure of the film, Tg of the polymer (139, 142, 143) and coalescing aids [39, 144]. 
Some of these factors will be discussed further.
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One might expect that the surfactant is conveyed with the aqueous phase so that the 
last region to dry becomes enriched in surfactant [133, 145]. The rate of water 
evaporation may therefore influence the distribution of the surfactant within the 
drying latex [124, 146]. A slower evaporation rate should favour a more uniform 
distribution of surfactant, but, slower evaporation rates would also offer more time for 
surfactant to desorb from the particles and to migrate to film interfaces [124]. If the 
surfactant molecule is small then its diffusion, migration and transport with the water 
flux will be faster in comparison to those of large molecules. In contrast, high 
molecular weight surfactants may be trapped inside the film as a result of their slower 
transport [124]. Recent experiments have found a greater concentration of surfactant 
at the surface of latex films when slow drying conditions are compared to faster 
drying.
Upon drying the dispersion concentrates and the polymer particles become closely 
packed [121]. Water is expelled from the interstitial voids and polyhedral cells are 
formed, divided by hydrophilic layers. The circumstances and rate at which these 
membranes collapse depend on the chemical structure of the surfactant and the 
conditions of film formation [131, 133]. Membranes comprising low molecular 
weight ionic surfactant generally collapse quickly, while higher molecular weight or 
non-ionic membranes require a longer time [121]. If such surfactant is present in a 
large excess or is grafted to the polymer, then the membranes will be maintained at 
the boundary between the particles. The collapse of the membranes is essential to 
enable the interdiffusion of polymeric chains and evolution of mechanical strength as 
previously discussed [132, 147]. However, the presence of the surfactant will 
continue to influence the properties of the film.
For systems comprising hydrophobic polymers, the hydrophilic surfactants are 
unlikely to diffuse through the core of particles [131]. In that case motion of 
surfactants in latex films would tend to occur in the interfacial zones between 
particles. The structure of the film will depend on the packing of the spheres at the 
end of the first step of the film formation process and on the softness of the polymer 
under the particular film formation conditions [148]. If the packing is disordered and 
the polymer is unable to fill all the voids in the structure a less dense film may result
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in which the mobility of the surfactants will be higher [146, 149]. The particle 
ordering during water evaporation is influenced by the surfactant content of the latex 
[129]. Therefore, it is not only the deficiency but also the excess of surfactant that 
leads to poor film properties owing to less close packing of the spheres.
When the surfactant is incompatible with the polymer system it can migrate to the 
interfaces leading to enrichment at the film-air and film-substrate interfaces [122, 124, 
135, 150-152]. Alternatively, the surfactant may concentrate in pockets, creating 
hydrophilic domains resulting in a less homogeneous film [122, 124, 132, 134, 150]. 
These phenomena bring about deterioration in the optical properties, water sensitivity, 
premature degradation and loss of adhesion [121, 122, 124, 127, 131, 149, 153]. As a 
consequence there is a trend in industry to evaluate polymerisable surfactants that 
become permanently anchored in the latex surface [123, 124, 150, 151, 154, 155].
Hydrogen bonding between the surfactant and the copolymer acid functionality plays 
a significant role on the distribution of surfactant [124, 136, 145, 156, 157], and these 
interactions are often influenced by temperature and water vapour [136, 157]. The 
latex particle composition and film formation conditions can significantly influence 
the distribution and direction [141] of the surfactant exudation to the film air or film 
substrate interfaces. It has been found that under conditions of low humidity the 
interactions between surfactant group and copolymer acid functionality dominate 
[136]. In contrast, under higher relative humidity conditions these interactions are 
displaced in favour of the hydrated form of the surfactant.
Finally, if the surfactant is compatible with the polymer then it can dissolve and 
plasticise the particles, influencing the interdiffusion process that in turn affects the 
evolution of coating strength, and the final film water sensitivity and resistance 
properties. [8, 129, 131, 149]. It is generally indicated that non-ionic surfactants tend 
to exert a plasticising effect in latex dispersions [8, 149].
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CHAPTER 3
ANALYTICAL TECHNIQUES
3.1 INTRODUCTION
This chapter presents a description of the experimental techniques used in this work, 
with relevant background and theory, for the characterisation of latex dispersions, 
films and related components. Fourier transform infrared and nuclear nagnetic 
resonance spectroscopies, gas chromatography, gas chromatography mass 
spectroscopy, and high performance liquid chromatography mass spectroscopy were 
used to investigate the keto-hydrazide crosslinking reaction mechanism and the 
kinetics of model materials. Spectroscopic ellipsometry, gravimetry, UV/visible 
spectroscopy, high performance liquid chromatography mass spectroscopy, atomic 
force mMicroscopy, Fourier transform infrared spectroscopy. X-ray photoelectron 
spectroscopy and electron microscopy were employed to probe properties of the latex 
films.
3.2 MOLECULAR SPECTROSCOPY
Spectroscopic methods are commonly used to probe the molecular structure of 
materials. When a beam of electromagnetic radiation of intensity Iq passes through a 
substance, it can either be absorbed or transmitted, depending upon its frequency, and 
the structure of the molecule with which it interacts [1].
The relationship between the extent of light absorption and the depth, or thickness, of 
the absorbing materials is given, for a pure substance, by Lambert’s Law [2, 3]. This 
states that “equal fractions o f the incident radiation are absorbed by successive layers 
o f equal thickness o f the light absorbing substance ” and this may be expressed in the 
following equation:
dz
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where I  is the intensity of the radiation and z is the thickness of the absorbing 
material. The constant a, which is characteristic of the material, is known as the 
absorption coefficient, and its value is dependent on the wavelength of the absorbing 
radiation. On integration equation (3.1) becomes (3.2):
7 (z) = jroe-=
where lo is the intensity of the incident light and I  is the intensity after passage 
through z cm of given material. The intensity fbs of light absorbed is the difference 
between the intensities of incident light intensity and transmitted light intensity. 
Using equation (3.2) the intensity of light absorbed can be expressed as:
The light absorbing properties of a substance are often described in terms of its molar 
absorptivity, a, that is defined by a different form of the Lambert Law equation [2]: 
l  = (3.4)
From equations (3.2) and (3.4), the connection between the absorption coefficient, a, 
and the molar absorptivity, a,is given by the relation:
a =2.303a (3.5)
If the absorbing substance is a solution then the relationship between intensities of 
incident and transmitted light is given by Beer’s Law [2] which states that “equal 
fractions o f the incident radiation are absorbed by equal changes in concentration o f  
the absorbing substance, in a path length ”. In this case the corresponding equations 
to (3.2) and (3.4) become:
7  =  / o l O - a z C  (3.7)
where C is the concentration of the solution. It follows then from (3.7) that the 
intensity of absorption is given by equation (3.8).
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J'.b (3-S)
The absorbance intensity is commonly expressed by equation (3.9) that is obtained by 
rearrangement of equation (3.8).
logiof^ = azC = A
The intensity of any absorption of the light by the sample is usually calculated from 
the transmittance using equation (3.10). Transmittance is the ratio of the amount of 
the incident light that is transmitted through the sample (7), relative to the intensity of 
the light initially incident on the sample {Iq), as expressed in (3.11) [2, 4, 5, 6].
(3 -W
h
Rotational, vibrational and electronic energies of a molecule are quantised, and a 
particular molecule may exist in different energy states [4]. When the molecule 
absorbs radiation it gains energy and experiences a transition from one energy state 
(Einitiai) to another (Epmai) [4]. The energy of the transition is related to the frequency, 
V, of the absorbed radiation, by Planck's law [4] that may be expressed as:
EE = h v  (3.12)
where h is Planck’s constant. Frequency and wavelength, 2, are inter-related 
according to the equation:
c (3.13)v = —
2
where c is the velocity of light. Substituting for v (3.13) in expression (3.12) it 
follows then that the energy of the transition is related to the wavelength:
A£ = ^
2
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A detector positioned to collect the radiation after its interaction with the molecule 
will show that its intensity has changed. A plot showing the relationship between the 
wavelength of the incident radiation a measure of the amount of radiation absorbed 
by the sample gives rise to the “absorption spectrum” of the material [6]. The 
position of the absorption may often, notably in the case of infrared spectroscopy, be 
expressed in terms of the reciprocal of the wavelength, known as the wavenumber.
3.2.1 FOURIER TRANSFORM INFRARED SPECTROSCOPY
Fourier Transform Infrared (FTIR) spectroscopic analysis is the study of the 
absorption of infrared radiation by a sample. The FTIR spectrometer exposes the 
molecule under investigation to a range of infrared radiation of differing wavelengths 
during a scan. The energy transitions are related to the type of atoms present and 
their environments within the molecule, providing a means for structural 
determination by infrared spectroscopy [4, 5, 6]. The vibration transitions within a 
molecule may be classified as “stretching”, “bending”, “rocking”, “twisting” or 
“wagging”, such as in Figure 3.1.
Symmetric stretch
In-plane rocking In-plane scissoring
Near Near ^ Near
Far
Out of-plane rocking Out of-plane twisting
Figure 3.1: Simplistic illustration showing molecular vibration modes [4]. Stretching 
(symmetric and asymmetric): occurring due to a change in the inter-atomic distance 
along the axis of a bond. Bending/deformation: occurring due to a change in the angle 
between two bonds, as a result of “rocking”, “scissoring”, “wagging” or “twisting”.
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Each of these vibration modes will give rise to the absorption of infrared radiation in a 
specific region of the infrared spectrum. Molecules containing the same groups of 
atoms give rise to peaks that are roughly at the same wavenumbers, irrespective of the 
molecule in which they are found.
Figure 3.2 shows a typical infrared spectrum for an acrylic latex polymer that was 
used in this research and the peaks attributable to C-H bend, C-H stretch, and C=0 
stretch are highlighted.
0 .7 -
lO
05
CM0.6s
Cro
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Figure 3.2: A typical absorption infrared spectrum for an acrylic latex polymer 
(acquired as a dried film cast on a thallium bromide crystal) as used in this work. The 
acrylic polymer shows four distinct absorbance regions. The C-H stretch band 
appears between 3000 and 2800 cm"', the C=0 stretch near 1740 cm"', the C-H 
bending peak in the 1450 cm"' region and a region of peaks between 1280 and 1150 
cm"' due to C-O-C stretch bands. The methacrylate content of this polymer also 
contributes a strong CH] rocking peak at around 760 cm"'.
In a modem FTIR spectrometer such as that simplistically illustrated in Figure 3.3, the 
infrared radiation is emitted from a heated source, typically a glo-bar (a silicon 
carbide rod operating at 1100 °C, and contained within a water-cooled housing) [6, 7].
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The infrared beam leaves the source and is deflected off a mirror that deflects the 
beam into an interferometer. Inside the interferometer the beam is split using a beam 
splitter, that comprises a half silvered mirror that reflects 50% of an incident heam 
and transmits the remaining 50%. Each part leads to a mirror which sends the beam 
back to the beam splitter where it is recombined. This configuration causes the heams 
to interfere with each other constantly as they recombine.
One part of the split beam travels to a stationary mirror inside the interferometer. The 
other part of the beam goes to a moving mirror that travels back and forth along a 
precisely controlled track, reflecting the beam from a position that is constantly 
changing. This movement causes the intensity of the recombined beam to change 
constantly and the change in intensity is different for each frequency of radiation. The 
patterns of the moving mirror and recombined beam are quite predictable. The optical 
bench measures the beam intensity many times as the moving mirror travels from one 
end of the track to the other. Each time the intensity is measured, the difference in the 
path lengths of the two beams is precisely calculated. An interference pattern, called 
an “interferogram” is generated and this contains intensity information at each 
frequency produced by the source, as a function of path length difference due to the 
moving mirror.
The infrared beam exits the interferometer and is deflected by a couple of mirrors 
before it reaches the detector. The detector, using a thermocouple, measures the total 
intensity of the infrared radiation reaching it across all of the frequencies. A 
“background” interferogram shows the energy passing through the components of the 
optical bench. When the sample is introduced into the beam then frequencies of the 
infrared radiation are absorbed and the strength of the absorptions is determined by 
the chemical composition of the sample. The beam that emerges from the sample is 
therefore different and the amount of radiation reaching the detector is reduced. This 
reduces the intensity of the interferogram showing the amount of infrared radiation 
reaching the detector over time for each position of the mirror.
The computer uses a mathematical Fourier transform technique to “decode” the 
interferogram giving the intensity of each frequency that reached the detector during
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the scan. The computer then divides the sample energy curve by the background 
energy curve to yield a % that represents the amount of infrared radiation that is 
transmitted through the sample [7]. The transmission spectrum, that plots intensity 
measured in % transmittanee vs. frequency in wavenumbers, shows the changes in 
intensity at each frequency that is due solely to the absorptions by the sample.
Stationary mirror
Infra red 
sourceMoving
mirror
Beam splitter
Sample
Infra red 
detector Mirror
Figure 3.3: Schematic diagram showing the main components of a modem infrared 
spectrometer [7].
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3.2.2 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY
Nuclear magnetic resonance (NMR) spectroscopy is the study of the behaviour of 
nuclei and the absorption and emission of radiation, when a sample is subjected to a 
radiation source within a strong magnetic field. The technique exploits the inherent 
magnetic properties of particular nuclei.
In addition to having an electrical charge associated with it, a nucleus behaves as if it 
is spinning about an axis, as illustrated in Figure 3.4, and the charged spinning 
particles generate a magnetic field or “dipole” along the spin axis enabling them to 
behave like small magnets. The magnitude of this magnetic dipole is called the 
nuclear magnetic moment, /i, and the strength of the magnetic field is described by y, 
its magnetogyric ratio.
Figure 3.4: Diagram showing the nucleus spinning about an axis of rotation in 
absence of a magnetic field [8]. Rotation produces an equivalent electric current 
flowing in a circular path that produces a magnetic field parallel to the spin axis. The 
nucleus exhibits a magnetic moment.
All nuclei exhibit this property called spin, which describes the shape of that nucleus 
magnetic field. Spin is characterized by a spin number, /, and comes in multiples of 16 
and can be positive or negative. Individual unpaired electrons, protons, and neutrons
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each possess a spin of 14. If, for example, we consider the deuterium atom (^H ) that 
comprises one unpaired electron, one unpaired proton, and one unpaired neutron, then 
the total electronic spin is 14. Only nuclei with spin number l i ^O can absorb or emit 
electromagnetic radiation. We can summarise then that:
• for even atomic mass and atomic number then 1 = 0  {e.g. making these
nuclei invisible to NMR spectroscopy;
• for even atomie mass and odd atomic number then /  = whole integer {e.g. '^^ N, ^H,
• for odd atomic mass then /  = half integer {e.g. ^H, ^^P).
Higher values of spin number imply more complex magnetie fields.
In the absence of an external magnetic field nuclei will spin about their axis at random 
in their atomic or molecular environments. However, when subjected to a strong 
magnetic field, these spin active nuclei behave as magnets aligning themselves with 
the direction of the field, as illustrated in Figure 3.5.
S>0
g
S a spin state
Applied Field 
Strength
0
AE
p spin state
Figure 3.5: Diagram showing the influence on relative energy when a magnetie field 
is applied to a spin 14 nuclei, for example *H. The precessing axis of the nuclei aligns 
with the direction of the applied magnetic field (J3 spin state) or against the direetion 
of the applied magnetic field {a spin state) [8].
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Within the applied magnetic field, the spinning nuclei can orient themselves in 21+1 
ways. In the case of (spin 14) such as in Figure 3.5 then there are two possible 
orientations. In the absence of an external magnetic field, these orientations are of 
equal energy. When a magnetic field is applied then the energy levels split, with each 
level designated a magnetic quantum number, m. The preferred orientation has the 
magnetic moment aligned in the direetion of the applied field that is the lowest energy 
state (referred to as the a spin state). Alternatively, the magnetic moment will align 
against the applied field which is a higher energy state (referred to as the p  spin state). 
When the nucleus is in a magnetic field, the initial populations of the energy levels are 
determined by thermodynamics, as described by the Boltzmann distribution. The 
lower energy level will contain slightly more nuclei than the higher level.
The rotational axis of the spinning nucleus cannot orient exactly parallel or anti­
parallel with the direction of the applied field, but instead precesses about this field at 
an angle with a frequency, called the Larmor frequency, given by:
2n
where Bq is the strength of the externally applied magnetic field.
Where an energy separation exists there is a possibility to induce a transition between 
the various spin states. By irradiating the nucleus with electromagnetic radiation of 
the correct energy (as determined by its frequency), a nucleus with a low energy 
orientation can be induced to "jump" to a higher energy orientation. As introdueed 
previously, the energy of the transition from one energy state to another and the 
frequency of the radiation are related through equation (5.12). Substituting into 
expression ( 3 . for v, (5.15), gives:
AE
hyB, (5.16)
2n
This equation shows us that the energy difference between the spin states is directly 
proportional to the strength of the applied magnetic field and to the fundamental 
nucleus property, y. The population ratio also depends on the size of AE and this can 
be calculated using the Boltzmann distribution:
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where the N  values represent the numbers of nuclei in the respective spin states, k is 
the Boltzmann constant, and T  is the temperature. The signal in the NMR is therefore 
proportional to the population difference between the states.
By sweeping the frequency, and hence the energy, of the applied electromagnetic 
radiation, a plot (spectrum) of frequency vs. energy absorption can be generated. In a 
homogeneous system with only one kind of nucleus, the spectrum will show only a 
single peak at a characteristic frequency.
In real samples the nucleus is influenced by its environment. In a molecule, the 
nucleus is surrounded by an electron cloud and as a result, the nucleus will experience 
an “effective” magnetic field that is a combination of the externally applied magnetic 
field and the magnetic field generated by the electron cloud surrounding the nucleus. 
The closest electrons to a nucleus are those that bond the nucleus to its neighbouring 
atoms. Any factor that affects the distribution of these bonding electrons will also 
affect the degree of shielding the nucleus experiences. Factors which reduce the 
electron density are said to “deshield” the nucleus and the effective magnetic field as 
the nucleus increases. In this case, the spin state energy separation increases and a 
higher frequency of radiation is needed to induce a spin transition. Similarly, factors 
which increase the electron density are said to "shield" the nucleus since effective 
magnetic field at the nucleus will decrease. Hence, the spin state energy decreases and 
a lower frequency of radiation can induce a spin transition.
These changes in absorption frequencies due to shielding are called chemical shifts 
and are expressed relative to an inert standard, usually tetramethylsilane that has 
spectrum with a single absorption as described by:
Chemical Shift =
T^MS
The sizes of chemical shifts are in the order of parts per million of the operating 
frequency. By examining the exact frequencies (chemical shift) at which the spin
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transitions occur conclusions about the nature of the various environments can be 
made.
The NMR spectrometer, as simply depicted in Figure 3.6 [8, 9], typically comprises:
• a magnet providing a stable, homogeneous magnetic filed;
• a sample probe that houses the sample, and allows irradiation and detection of 
radio frequency radiation via transmitter and receiver coil. The transmitter 
coil linked to the radio frequency generator exposes the sample to radio 
frequency radiation of the appropriate frequency. A receiver coil, wrapped at 
right angles to the transmitter coil, detects resonance;
• a source and detector of radio frequency radiation;
• a data acquisition and display system.
Radio Data
frequency Sample collection
Source & Display
X
Pulse
generator
Probe
Amplifier
Detector
Magnet
Figure 3.6: Diagram showing the key components of a nuclear magnetic resonance 
spectrometer.
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3.2.3 ULTRAVIOLEXmSIBLE SPECTROSCOPY
UVA^isible (UVA^is) spectroscopy probes the transitions of outer valence electrons 
between electronic energy levels, occurring on the absorption of ultraviolet/visible 
light. The corresponding changes in the electric dipoles give rise to spectra that 
comprise characteristically broad peaks, as the vibrational and rotational levels are 
superimposed on top of the electronic levels. Consequently, the wavelength of the 
maximum absorption (Xmax) is usually reported. Thus, these spectra have limited use 
for sample identification but are applicable for quantitative measurements [1,8,11].
The source of visible light in the spectrometer is usually produced by a tungsten- 
halogen lamp, and the UV radiation is typically provided by a deuterium lamp. The 
light source is separated into its component wavelengths (ultraviolet region is 
normally fi*om 200 to 400 nm, and the visible is from 400 to 800 nm) by a prism or 
diffraction grating for UV or a tungsten-halogen lamp for visible which is separated 
into its component wavelengths by a prism or diffraction grating. Each 
monochromatic (single wavelength) beam in turn is split into two equal intensity 
beams by a half-mirrored device. One beam passes through the sample and the other 
beam, the reference, passes through an appropriate reference medium. The intensities 
of these light beams are then measured by electronic detectors, a photodiode, 
phototube, or photo multiplier tube (PMT), and compared [11].
The Perkin Elmer Lamda 35 UV/Visible spectrometer used in this research work is 
also equipped with an integrated sphere accessory that was used to acquire 
UV/Visible reflectance spectra from film samples. In this configuration a standard 
reflective white block is analysed as a reference, prior to acquisition of sample 
spectra.
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3.3 X-RAY PHOTOELECTRON SPECTROSCOPY
X-ray Photoelectron Spectroscopy (XPS) is an electron spectroscopic method that 
uses soft X-rays (-1.5 kV) to eject electrons from inner-shell orbitals of a sample, as 
illustrated in Figure 3.7 [12, 13, 14]. The technique relies on the principle that for 
every element, there will be a characteristic binding energy associated with each core 
atomic orbital. Therefore each element will give rise to a characteristic set of peaks in 
the photoelectron spectrum.
Oxygen atom
1 s photo-electron ejected
Figure 3.7: The X-ray photon transfers its energy to a core level electron imparting 
enough energy for the electron to leave the atom [12].
The sample to be analysed is placed inside a high vacuum environment and then 
irradiated with photons, in the X-ray energy range. The absorption of a photon by an 
atom in the sample leads to ionization and the emission of a core (inner shell) electron 
at a kinetic energy determined by the photon energy and the respective binding 
energy. A negatively charged electron will be bound to the atom by the positively 
charged nucleus, and the closer the electron is to the nucleus the more tightly it will be 
bound. The exact binding energy depends not only upon the level from which
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photoemission is occurring, but also upon the formal oxidation state of the atom, and 
the local chemical and physical environment. These changes give rise to small 
variations in the binding energy peak positions in the spectrum and are called binding 
energy or chemical shifts. Such variations in binding energy can provide chemical 
information associated with covalent or ionic bonds between atoms. Weak 
interactions between atoms such as those associated with crystallisation or hydrogen 
bonding will not alter the electron distribution sufficiently to change the binding 
energy measurably.
The process of photo-ionization can be considered as:
A  + hv  +e
If we consider this process in terms of energy, then conservation of energy requires 
that:
E(A) + E(A+) + E (e) (3,20)
Since the electron's energy is present as kinetic energy {KE) equation (3.20) can be 
rearranged to give the following expression for the kinetic energy of the 
photoelectron:
KE = /iv-(E(A q-E(A )) (3.21)
The final term in brackets of (3.21), representing the difference in energy between the 
ionized and neutral atoms, is generally called the “binding energy” (BE) of the 
electron. Rearrangement of equation (3.21) gives an expression (known as the 
Einstein equation [12]) for the binding energy:
BE — hv - KE (3.22)
No electrons will be ejected from an atom regardless of the illumination intensity, 
unless the frequency of excitation is greater than or equal to a threshold level for each 
element. If the frequency (energy) of the excitation photon is too low, no
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photoemission will be observed. As the energy is increased then photoemission from 
the atom begins to be observed. Once the threshold frequency is exceeded the number 
of electrons emitted will be proportional to the intensity of the illumination. That is, 
once photons of sufficient energy to stimulate the electron emission have been used, 
then more of those photons will bombard the sample and more photo electrons will be 
produced. The kinetic energy of the emitted electrons is linearly proportional to the 
frequency of the exciting photons. Using photons of higher energy than the threshold, 
the excess energy of the photons above the threshold value will be transmitted to the 
emitted electrons.
The kinetic energy distribution of the emitted photoelectrons {i.e. the number of 
emitted photoelectrons as a function of their kinetic energy) is measured using an 
appropriate electron energy analyser. It follows then that the binding energy, 
expressed in volts, can be easily calculated. A typical XPS spectrum is a plot of the 
number of electrons detected (Y-axis, ordinate) vs. the binding energy of the electrons 
detected (X-axis, abscissa). As the binding energies of the electron orbitals in atoms 
are known, then the presence of peaks at particular positions in the spectrum allow us 
to identify the atomic composition of the sample surface. Measurement of the relative 
areas of the photoelectron peaks allows the concentration of the element within the 
sampled region to be determined quantitatively.
A simple X-ray photoelectron spectroscopy experiment can provide qualitative and 
quantitative information on the elements present (except hydrogen and elium), and a 
more complex experiment may provide detail about the chemistry, organisation and 
morphology of a surface [12, 13, 14]. The degree of surface sensitivity of an electron- 
based technique such as XPS may be varied by collecting photoelectrons emitted at 
different emission angles to the surface plane. This approach may be used to perform 
non-destructive analysis of the variation of surface composition with depth (with 
chemical state specificity). Although X-rays penetrate to a depth of several 
micrometers, ejected photoelectrons generally come from only the first several 
nanometers of material. Thus, XPS is very much a surface technique.
X-ray photoelectron spectroscopy instruments comprise an X-ray source, an energy 
analyzer for the photo electrons, and an electron detector. The analysis and detection
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of photo electrons requires that the sample be placed in a high-vacuum chamber. 
Since the photoelectron energy depends on X-ray energy, the excitation source must 
be monochromatic. The energy of the photoelectrons is analyzed by an electrostatic 
analyzer, and the photoelectrons are detected by an electron multiplier tube or a multi­
channel detector.
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3.3 ATOMIC FORCE MICROSCOPY
The Atomic force microscope (ATM) comes from a family of instruments collectively 
called scanning probe microscopes that are used for studying the surface properties of 
materials from the atomic to the micron level. The ATM allows examination of 
surfaces at high “magnification” and resolution, with the advantage that there are no 
vacuum constraints or lengthy and damaging specimen preparation requirements [15, 
16].
The ATM probes the surface of a sample with a sharp tip located at the free end of a 
cantilever, such as shown in Figure 3.8, that scans the surface in x and y directions. 
The cantilever is attached to a scanner that is a tube composed of a piezoelectric 
material. The outer surface of the tube is divided into four segments to which 
electrodes are attached. On applying a voltage there is a corresponding change in the 
X, y and z positions of the tube [15].
Figure 3.8: Scanning Electron Microscope images showing (left) a typical contact 
mode cantilever and (right) a typical probe tip (Courtesy of Veeco Instruments)
A laser beam bounces off the back of the cantilever on to a position-sensitive photo 
detector, as simplistically illustrated in Figure 3.9, and this is used to determine the 
movement of the tip. As the cantilever traces the surface features, forces acting 
between the tip and the sample surface cause the cantilever to bend or deflect. As the
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cantilever bends then the position of the laser beam on the detector is shifted and 
recorded.
Mirror
Cantilever
Position sensitive 
Photo-detector
|Sample
Figure 3.9: Schematic of key components of an atomic force microscope
The resolution of the acquired data is determined by the tip and sample geometry as 
shown simply in Figure 3.10. The tip shape and dimension can introduce significant 
inaccuracy in an ATM image, when the tip radius is comparable to the typical 
dimension of the sample features to be observed.
X
.O )
 ►
Lateral distance
Figure 3.10: Simple illustration showing the influence of tip shape and dimension on 
the AFM topography trace and hence the resolution and “size” of features in the final 
image.
The forces experienced by the cantilever vary depending on the tip to sample 
separation. There are three basic regions of interaction between the probe and 
surface:
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• free space,
• attractive region,
• repulsive region
The relationship between the force and the distance between the tip and the sample is 
illustrated in Figure 3.11. At the right side of the curve the atoms are separated by a 
large distance. As the atoms are gradually brought together they first weakly attract 
each other. The attractive component of the force is a function of the separation, and 
the strength of the interaction falls off rapidly with distance.
Resultant curve due 
to total intermolecular 
forces
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Figure 3.11: Potential energy curve showing the relationship the influence of varying 
tip-sample separation [17]. As the attractive force increases then the free energy 
becomes increasingly negative as the atoms approach one another. As the tip-sample 
distance is further reduced then the electron clouds of the atoms interact giving rise to 
a repulsive force and increase in free energy, becoming infinite as the electron clouds 
overlap. The total potential energy of the interaction between the atoms is the sum of 
the attractive and repulsive contributions.
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The presence of a thin layer of condensed water vapour and hydrocarbons that occurs 
in ambient air contributes to the attraction of the tip. When the scanning tip touches 
this layer, capillary action causes a meniscus to form and surface tension pull the 
cantilever down into the layer. As the probe moves closer to the surface then the 
attraction increases until the atoms are so close together that their electron clouds 
begin to repel each other electrostatically. This electrostatic repulsion progressively 
weakens the attractive force as the inter-atomic separation continues to decrease. 
Repulsive forces increase as the probe begins to “contact” the surface. The repulsive 
forces in the AFM tend to cause the cantilever to bend. The slope of the line in the 
repulsive region is attributed to the elastic modulus (compressibility) of the substrate, 
or the spring constant of the cantilever. To summarise, a repulsive force dominates at 
small inter-atomic distances and it increases exponentially with decreasing separation, 
while an attractive force (van der Waals) dominates at larger separations.
The microscope can operate in different modes that can be simply categorised by the 
levels of contact of the probe with the sample surface. The basic AFM modes are 
contact, non-contact and intermediate contact (known as “tapping”). All of the work 
in this study was undertaken using “tapping” mode. Tapping mode is executed in 
ambient air by oscillating the cantilever assembly at or near the cantilevers resonance 
frequency (typically from 100 to 400 kHz) using a piezoelectric crystal. The piezo 
motion causes the cantilever to oscillate with high amplitude when the tip is not in 
contact with the surface, but when the oscillating tip is moved toward the surface it 
begins to lightly touch or tap the surface. During scanning the vertically oscillating 
tip alternately contacts the surface and lifts off, having sufficient oscillation amplitude 
to overcome the tip sample adhesion forces. The tip-sample force in the vertical 
direction is changing during each cycle.
As the oscillating cantilever begins to intermittently contact the surface, the cantilever 
oscillation is reduced due to energy loss caused by the tip contacting the surface. The 
reduction in oscillation amplitude is used to identify and measure surface features to 
provide topographical information. An electronic feedback loop is used to maintain 
constant amplitude of oscillation that corresponds to a constant force. This is attained 
by modifying the voltage in the z axis of the piezoelectric scanner that modulates the
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tip to sample separation. When the tip passes over a depression the cantilever has 
more room to oscillate and the amplitude increases. The oscillation amplitude of the 
tip is measured by the detector and input to the AFM controller electronics and the 
feedback loop then adjusts the tip-sample separation to maintain constant amplitude 
[15, 16, 18].
The tip has an initial phase of oscillation that is determined by the driver of the 
oscillation. When the oscillating probe tip interacts with a surface, the resonance 
frequency shifts and there is a corresponding change in the phase. This phase lag 
changes when the tip encounters features with different viscoelastic properties. The 
change in the phase of the oscillation with respect to the driver oscillation provides 
the phase mode image, an example of which is shown in Figure 3.11, in which 
topographical and viscoelastic information are concurrently achieved [15, 16, 18].
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Figure 3.11: Examples of atomic force microscope images of the surface of a high Tg 
latex (left) topography (height) top view image; (middle) phase image; (right) 
amplitude image.
Tapping mode AFM is advantageous because it provides a means for measuring 
sample topography with minimal contact between the tip and the sample and as the 
total force between the tip and the sample is very low this makes the technique ideal 
for studying soft or elastic samples.
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3.4 ELECTRON MICROSCOPY
The scanning electron microscope (SEM) forms an image by scanning a probe 
comprising a focused beam of electrons across the specimen. Compared with optical 
microscopy the SEM has a higher resolution and a much larger depth of field. 
Specimen preparation is generally quite simple if  the materials can withstand drying 
and high vacuum. Non-conductive materials usually require conductive coatings or 
the use of low accelerating voltages to prevent them from charging up in the electron 
beam.
The electron source in the SEM is located at the top of an electron optical column 
consisting of two condenser lenses that are used to form the probe that can be as small 
as 1 to 5 nm in spot size [21]. The Hitachi S-4700 SEM used in this study is equipped 
with a field emission source to generate the electron beam. In this case the cathode is 
formed in the shape of a rod with a very sharp point at one end (typically <100 nm). 
When the cathode is held at a negative potential to the anode, the electric field at the 
tip is so strong that electrons tunnel through the barrier and leave the cathode without 
needing any thermal energy (as in thermionic emission) [21]. Field emission requires 
a very good vacuum for stable electron emission.
The electron beam is scanned across the specimen by the deflector coils. When the 
primary electron beam interacts with the sample, the electrons lose energy by repeated 
scattering and absorption within a teardrop-shaped volume of the specimen known as 
the interaction volume, which extends from less than 100 nm to around 5 pm into the 
surface. Through these scattering events the primary electron beam effectively spreads 
and fills a tear drop shaped volume, as shown in Figure 3.12.
As the primary electrons lose energy, the amount and type of the generated secondary 
radiations will alter. Signals produced by the interactions of the electron beam with a 
specimen are simply summarised in Figure 3.13. Even though secondary radiation is 
generated within this volume, it will not be detected unless it escapes from the 
specimen and this will depend on the radiation type and the specimen.
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SE and BSE emitted from solid sample
Figure 3.12: Simplified view of the interaction of the electron beam with the
specimen and the subsequent generation of secondary electron (SE) and back- 
scattered electrons (BSE) [19].
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Figure 3.13: The interaction of an energetic electron beam with a solid sample [20] 
results in a number of “signals” providing information about the specimen.
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The size of the interaction volume depends on the beam accelerating voltage, the 
atomic number of the specimen and the specimen's density. This is illustrated by 
simulation data shown in Figure 3.14 that shows the magnitude of the interaction 
volume increases with higher accelerating voltage.
5k V 10 kV 25 kV
«
Interaction volume, 
Sample : Fe
Figure 3.14: Simulation data illustrating the relationship between the magnitude of 
beam accelerating voltage and the resulting interaction volume within the sample 
[19].
The most widely used signal in the SEM is that from secondary electrons. As it is this 
signal that has been used in this research, then a discussion of the other signal types is 
beyond the scope of this discussion. There are three possible modes by which the 
incident primary beam in a scanning electron microscope releases the secondary 
electrons that are detected. Secondary electrons may be released as the beam passes 
through the final aperture. These do not contribute any information about the 
specimen, instead they contribute only additional noise and background signal which 
reduces the contrast range available. From the specimen itself, there are two sources, 
as shown in Figure 3.12, which contribute information about the specimen: namely 
the secondary electron signal released by the surface interaction of the incident 
primary beam, and the secondary electron signal released as the back-scattered
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electrons pass out of the specimen. Backscattered electrons consist of high energy 
electrons originating in the electron beam that are reflected or back-scattered out of 
the interaction volume. This signal may be used to detect contrast between areas 
arising as a result of different chemical composition, in particular when the regions 
differ in atomic number. There are fewer backscattered electrons emitted from a 
sample than secondary electrons.
Secondary electrons are emitted from the specimen with low energy, less than 50 eV 
so they can only come from the top few nanometres of the material. If the beam 
enters the sample perpendicular to the surface then the activated region is uniform 
about the axis of the beam and a certain number of electrons escape from within the 
sample [21]. If the beam falls on a tilted surface or on to an edge more secondary 
electrons will escape from the specimen. If the beam falls into a valley or pit in the 
surface, as shown in Figure 3.15, fewer secondary electrons escape because less of the 
interaction volume is near the surface or because electrons are reabsorbed by the 
specimen. Thus, steep surfaces and edges tend to be brighter than flat surfaces, which 
results in an image with a well defined three dimensional appearance.
Incident Beam
Sample
Figure 3.15: Simplified view of the influence of undulations and features in the 
sample surface topography on the intensity of the secondary electron response [19, 
21].
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The secondary electrons produced by the primary beam are responsible for high 
resolution topographic images as they come from an area defined by the beam size 
[21]. The secondary electrons are detected by a scintillator-photomultiplier device, 
known as the Everhart-Thomely detector. The energy of the electrons is too low to 
excite the scintillator and so they are first accelerated by applying a bias voltage to a 
thin aluminium film covering the scintillator. A metal grid or collector, at a potential 
of several hundred volts surrounds the scintillator, and this improves the collection 
efficiency by attracting secondary electrons and thus collecting even those which were 
initially not moving towards the detector. The signal is subsequently amplified and 
transformed into an intensity distribution that is viewed as a digital image.
In order to maximise imaging resolution for the sample under study, the beam voltage, 
beam current, final aperture size and working distance are adjusted. The conditions 
for high resolution imaging with secondary electrons are also conditions that result in 
maximum beam damage to sensitive specimens. Reduced damage in the SEM is 
obtained with low beam currents and low accelerating voltages. Low voltage 
increases surface detail and reduces bright edge effects as well as decreasing charging 
and specimen damage. However, this is at expense of a large minimum probe 
diameter which may lower spatial resolution depending on the sample.
The Hitachi S4700 Electron Microscope used in this research study is also equipped 
with a sub-stage scintillator detector that enables the acquisition of transmission 
electron images. This configuration is simplistically displayed in Figure 3.16. SEM 
based STEM instrumentation are not common. Although the lower operating voltage 
of the SEM makes very thin specimens necessary, the major advantage is the ease of 
use and optimisation. Another significant advantage is that in STEM examination of 
polymers only the scanned area is irradiated, whereas in TEM it is difficult to limit the 
irradiation of adjacent areas.
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Figure 3.16: Simplified illustration of the STEM configuration in the Hitachi S4700 
Electron Microscope [19]. Transmitted electrons are detected using a sub-stage 
backscattered type detector. Samples are located in a specially designed hollow 
sample holder allowing transmitted electrons to reach the detector below.
Polymers typically exhibit low atomic contrast and scatter electrons weakly giving 
poor contrast in the TEM, although the contrast can be enhanced by utilisation of pre­
study sample staining processes. They are highly beam sensitive, radiation damage 
causes destruction of crystalline order, chain scission or cross linking, mass loss and 
dimensional changes. Increasing the accelerating voltage and cooling the specimen 
can help to reduce the damage. Also, sample preparation methods that improve 
contrast can reduce specimen deterioration.
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3.5 ELLIPSOMETRY
Ellipsometry is an extremely sensitive measurement technique that utilises polarised 
light to characterise thin films, surfaces and material microstructure [3, 22].
The principles of operation are shown schematically in Figure 3.17. When a light 
beam with a known polarisation state (usually linear or circular) is reflected from a 
sample there is a resulting change in the polarisation state of the outgoing light [3, 
23].
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Figure 3.17: Diagram showing the change in polarisation state of light reflected off a 
sample [8]. The incident beam and the direction normal to the surface define a plane, 
called the plane of incidence, perpendicular to the surface. The outgoing beam is also 
in the plane of incidence. The effect of reflection depends on the polarisation state of 
the incoming light and the angle of incidence that is defined as the angle between the 
light beam and the “normal” to the surface [23].
The ellipsometer measures parameters y/ and J ,  where y/ represents the amplitude 
attenuation and A the phase difference between the “j "  and “/?” wave components of 
the light [3, 23, 24].
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The light may be considered to comprise two components; the “5 ” component is 
oscillating perpendicular to the plane of incidence and parallel to the surface, and the 
“p” component is oscillating parallel to the plane of incidence and perpendicular to 
the surface. Throughout this text these components will be referred to as “5 ” and 
wave components, respectively. The “5 ” and “p ” wave components of the light 
reflect from the sample differently and this behaviour is dependent on the angle of 
incidence.
The polarisation state of the light is determined by its amplitude and phase, as 
depicted in Figure 3.18.
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Figure 3.18: Electric field vector diagrams showing the relationship between the 
amplitude and phase of the electric field vectors giving rise to (A) linearly polarised 
light, (B) circularly polarised light, (C) elliptically polarised light [25].
A linearly polarised light can be described as two orthogonal electric fields 
propagating in phase. Therefore there is no initial phase difference between the ' y  
and wave components. Circularly polarised light consists of two perpendicular 
electric fields of equal amplitude but 90° out of phase. If light is composed of two
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perpendicular electric fields of unequal amplitude which differ in phase by 90°, then 
the light is said to be elliptically polarised.
Prior to refiection of the light beam fi*om the sample, the polarisation state of the 
incident light is determined by the amplitude r a t i o , j ,  and the phase change
difference, of the two wave components “5 ” and “p” [3, 26]. Upon
reflection both the amplitude ratio and the phase difference change. In the general 
case, the phase difference [3, 26], A, is given by the equation:
= K  -  -  K  -  L * ,„
The ellipsometric angle y/ is given as:
If/ = arctan V  ^ /  re flec ted
A .
/  inciden t
(3.23)
If the incident light beam is linearly polarised then these equations can be simplified. 
In that case there is no initial phase difference between the and “5 ” components:
(^-24)
So by substituting the expression (3.24) into equation (3.22) we obtain:
^  ~ ^ s ) r e f l e c t e d  (3.25)
In the case of linearly polarised light the ellipsometric angle y/ is defined by equation
(3.23) since the “p” and "j" wave components can have any magnitude relation.
When the incident light beam is circularly polarised then the components of the
electric field are equal in magnitude but 90° out of phase [26]. Therefore:
^  =  ) reflected  ~
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Also since the amplitudes Ap and As of the and 'Y ' components of the incident 
beam are equal, then:
4
-  J  in ciden t
(3.28)
=  1
Substituting equation (3.28) into equation (3.23) then the ellipsometric angle yj 
becomes:
y/ = arctan 'A ,,A
V ^ J  reflected
The Fresnel equations describe the amplitude of light when moving between media of 
differing refractive indices. For light that is polarised with the electric field of the light 
perpendicular to the plane then the Fresnel reflection coefficient, Rs, [3, 24, 27] is 
given by:
cos( ^ . ) - # 2  cos(6>^ ) 
Aj cos(<9; ) + # 2  cos(^^ )
(3.30)
where 6r is the angle of refraction and can be determined from Of using Snell’s Law, 
and A  is the complex index of refraction (equation (3.26)) [3, 24, 27].
If the incident light is polarised in the plane of incidence then the Fresnel refiection 
coefficient, Rp, is given by:
# 2  cos(6^ . ) -  Aj cos((9,. ) 
#2 cos( ,^. )+ cos(û^ )
These equations ((3.30) and (3.31)) allow for prediction of the variation in reflectivity 
as a frinction of angle of incidence for a particular system.
Generally, the complex index of refraction, A, (3.32) is a combination of a real 
number and an imaginary number, where n is called the index of refraction and is a 
measure of the optical density of a material and the amount of impedance a particular 
material has to the propagation of light. The extinction coefficient, k, [3, 24] is a
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measure of the how rapidly the intensity decreases as the light passes through the 
material, and i is the imaginary number.
N  = n + ik (3.32)
k  is related to the more familiar absorption constant, a. As previously described, in 
an absorbing medium the decrease in intensity /  per unit length z is proportional to the 
value o f /,  as defined in equation form in expression (3.1) [3]. The solution to this 
equation was given in equation (3.2). In (3.2) Iq is the intensity of the light just inside 
the material of interest. In addition, a is dependent on the loss of intensity due to 
absorption only, but loss of light due to the refiection at the interfaces does not 
contribute to the magnitude of a.
The extinction coefficient is related to the absorption coefficient [3] by:
A
An
k = — a
Thicker films will absorb more due to the increased path length, resulting in a 
reduction in outgoing light and hence reduced amplitude.
Both the index of refraction and the extinction coefficient are functions of 
wavelength.
When more than one interface is considered then the reflection coefficient becomes 
more complex as it must include Fresnel equations for each boundary and accounts
for transmission and the thickness of the layers. For example, the total refiection
coefficients [3], and R®, of a sample comprising two interfaces are given as:
jjp - ’’12 + ''23exp(-2y /?) (3-34)
l + n% 8xp(-2_/^)
^  ''12 +''2’3exp(-2y^) (3.35)
l + r,"24exp(-2y/?)
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where
P is the phase change in the wave as it moves from the top of a film to the bottom of 
the film. It follows that the phase difference between the part of the wave reflecting 
from the top surface and the part of the wave that has traversed the film twice is 2p. 
The film thickness is given by d.
The ellipsometric angles yj and A are related to the Fresnel reflection coefficients Rp 
and Rs through the equation for ellipticity, p [3, 24, 26]:
Because ellipsometry measures the ratio of two values it is highly accurate and 
reproducible.
The complex refractive index of the material of interest can be calculated from the 
ellipticity by inversion of (S.33) and substitution for (3.25) and Rs (3.24) given by:
(3.38)
For non-absorbing and non-scattering materials the extinction coefficient is zero, so 
the angles y/ and A are a function of the refractive index of the two media at the 
interface. The parameters y/ and A are also dependent on the wavelength of light, 
since the refractive index is dependent upon the wavelength of light due to optical 
dispersion [3].
For other than normal incidence, Rs is always negative non zero, whereas Rp is 
positive for angles near normal, passes through zero and is negative for near grazing 
angles of incidence [3]. At the angle of incidence where Rp is zero, all of the reflected 
light is polarised perpendicular to the plane of incidence. This angle is known as the 
Brewster angle, 0^, [3] and is defined as:
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(j)^  = arctan
tan^ zig = —
(3,40)
0.6
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Figure 3.19: Graph showing model data of Fresnel reflection coefficients as a
function of angle of incidence for refractive indices of 1.3 (ice), 1.59 (polystyrene) 
and 2.2 titanium dioxide [26].
Figure 3.19 visually confirms the aforementioned behaviour of Rs and Rp, but also 
highlights that the Brewster angle (that is given as the point where the Rp curve 
intersects with the x-axis on the graph) is specific to a particular system, as 
determined in expressions (3.39) and (3.40). As the Brewster angle is a function of 
the index of refraction and the index of refraction is a function of wavelength, then the 
Brewster angle is a function of wavelength.
Ellipsometry measurements are usually acquired at or near the Brewster angle in order 
to maximise signal intensity.
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Data Analysis
The measured values of y/ and A cannot be converted directly into the optical 
constants of the sample. Normally a model analysis must be performed. A layer 
model is established which considers the optical constants and thickness of all 
individual layers of the sample including the correct layer sequence. Over the visible 
region of the spectrum for many materials the Cauchy Dispersion Model [3, 23] can 
be used. The Cauchy dispersion model describes the dependence of the index of 
refraction on wavelength as:
B C (3,41)n{X)~ A + ~  + —
A, B and C are parameters; A is dimensionless, B has dimensions of wavelength 
squared and C has dimensions of wavelength to the fourth power. The Cauchy 
dispersion model tends to work best when the material under study shows little or no 
optical absorption in the spectral region of interest.
Using an iterative procedure (least squares minimisation) unknown optical constants 
and/or thickness parameters are varied and y/ and A values are calculated using the 
Fresnel equations. The calculated y/ and A values which match the experimental data 
best provide the optical constants and thickness parameters of the sample.
Model data are generated to find the best fit to the experimental data. Quality of fit is 
evaluated using mean squared error (MSB) (3.42) that measures the difference 
between experimental and predicted data [3, 23, 28].
MSE= ^
2 N - M t ;
f ... mod ... exD f  k mod a exo ^^ _ ^ p
%
exp +
A 'r -  AT
(3.42)
where there are a total of A  measured data points {i.e. N  number of y/ and A pairs) and 
a total of M  fit parameters, and o is the standard deviation of the /th data point.
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Theoretically, the function would exhibit a minimum value of zero when the 
calculated model exactly matches the experimentally measured data. In practice the 
model is usually unable to match the experimental data perfectly, and in that the MSE 
will exhibit a minimum value when the model matches the experimental data as 
closely as possible. There is no arbitrary standard of fit quality, and the evaluation of 
a given model for a sample is with respect to other possible models for the same 
sample. Figure 3.20 shows an example of experimental (green line) and fit (red line) 
results for y/ and A obtained for a thin film measured in this research using the VASE 
ellipsometer.
Generated and Experimental Generated and Experimental
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Figure 3.20: Comparison of typical ellipsometry data for an acrylic latex polymer 
film showing the experimental data (green dotted line) for y/ & J  vs. good model data 
fit (red line). The tabulated data show the MSE fit and the model parameters and 
optical constants applied to achieve the fit.
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Increased film thickness results in a greater number of oscillations in the if/ and A 
plots. The sensitivity of the technique to film thickness can be seen in example data 
that are displayed in Figure 3.21 and was acquired using the Sopra FTIR ellipsometer.
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Figure 3.21: Experimental \j/ and A data showing the sensitivity of the ellipsometer 
to thickness of acrylic latex polymer films. A1 (y/ ) and A2 (A) data for 28 pm film. 
B l ( ^  )and B2 (A) for 17 pm film.
Instrum entation
An ellipsometer comprises a light source (either a Xenon lamp for UVA/is, or a 
silicon carbide glo-bar for infrared instrumentation), two polarisers and a detector [3, 
23].
The first “polarizer” establishes the input polarization state and the second polariser, 
called the “analyzer”, measures the output polarization state. The sample to be 
measured is placed between the two polarizers. For enhanced flexibility in making 
ellipsometry measurements a monochromator is often used, enabling selection of any 
wavelength or band of wavelengths of light for the experiment. The detector
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measures the intensity of the light passing through the analyzer. A schematic is 
shown in Figure 3.22.
Rotating 
analyser & 
photodiode 
detector
Elliptically 
J . polarised light
Stage
fample
Polariser
Linearly
polarised
light Monochronator
Light source
Figure 3.22: Schematic diagram showing the key components of an Ellipsometer
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3.6 CHROMATOGRAPHY
Chromatography is used to separate mixtures of analytes based on their dynamic 
distribution between a mobile phase and a stationary phase. The sample is injected 
into a flow of the mobile phase and the various components interact to a lesser or 
greater degree with a stationary phase inside the column. In an ideal situation, the 
differences in interaction are sufficient to allow all the components in the sample to be 
completely separated. The individual components are detected as they elute from the 
column. The time taken from the sample injection to that when a component elutes 
from the column and is measured by the detector is called the component’s retention 
time. This time is very dependent upon the instrumental conditions used. 
Chromatography provides both qualitative and quantitative information for individual 
compounds present in a sample [29].
3.6.1 GAS CHROMATOGRAPHY
In gas chromatography (GC) analyte separation is achieved by partitioning between a 
mobile gas phase and a solid phase. The technique relies upon the sample being 
sufficiently volatile to be introduced into the gas phase on injection into the gas 
chromatograph [29]. Also, compounds must be sufficiently stable so that they do not 
degrade at the temperatures used to vapourise them.
Modem instmmentation utilises high efficiency capillary columns that have the 
stationary phase chemically bonded as a thin film on the inner wall of the column. 
Chromatographic separation is affected by the choice of carrier gas, column phase, 
and the temperature at which the separation is performed. The speed and separation 
of components is usually optimised by adjustment of the temperature during the 
analysis. Additionally, modem systems with electronic pressure control allow the 
carrier gas pressure, and thus its velocity through the column, to be set at a constant 
value or varied during the analysis. This is also used to speed up the analysis or 
enhance the sample introduction step [29].
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Gas chromatographs, as shown in Figure 3.23, are composed of four main parts, the 
sample introduction system (injector), the column, the oven and a detector [29].
Detector Injector
Gas Inlets 
Carrier 
Hydrogen 
Air
Pneumatic
controls
Amplifier
. . .
K m #
Data
system
Temperature 
controls
Figure 3.23: Simplified view of the main components of a basic gas chromatograph
[29].
There are several types of detectors available for use with gas chromatography, such 
as flame ionisation (FID), and mass spectrometry (MS). Both of these detectors were 
used in this study.
In a GC-MS system the eluent from the gas chromatograph passes into the source of 
the mass spectrometer where any component is ionised by electron bombardment. The 
ions generated are separated based on their mass/charge (m/z) ratio by an analyser 
unit.
In a GC-FID system the detector ionises the analyte in a hydrogen-air flame and the 
ions generated are collected on a cylindrical electrode. The charge which results is 
amplified to generate a signal that is recorded by the data system. A potential 
difference of several hundred volts is applied between the collector plate and the tip of 
the flame jet, or in some designs, between the collector and an electrode positioned 
just above the jet tip [29].
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3.6.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
High performance liquid chromatography (HPLC) is the technique of choice when the 
analyte polarity, volatility or thermal stability prevents the use of gas chromatography
[30]. For conventional HPLC a mixture of analytes, dissolved in a suitable solvent, 
are injected into the ‘mobile phase’ that is typically a constantly changing blend of 
two solvents, chosen for their combined ability to give the separation required. The 
analyte mixture is swept into a steel column containing the stationary phase. 
Separation depends on the frequency of the adsorption-desorption steps that are 
determined by the solvent’s flushing action and each individual analyte’s desire to 
remain associated with the stationary phase. As the solvency of the mobile phase 
changes each analyte is sequentially swept from the column.
Modem liquid chromatography mass detectors, such as the Finnigan LCQ™Duo, 
offer the opportunity for direct aspiration of sample, presenting the opportunity to by­
pass chromatographic separation and method development.
The LCQ™Duo instmment can be conventionally operated in either of two modes
[31].
Electrospray ionisation transforms the ions in solution into ions in the gas phase. 
Electrospray ionisation can be used to analyse any polar compound that forms a 
preformed ion in solution.
Atmospheric pressure chemical ionisation (APCI) is a “soft”, gas phase ionisation 
technique, but not as soft as the electrospray mode. APCI is used to analyse 
compounds of medium polarity that have some volatility.
In this study a direct injection APCI approach was used. A solution of the sample was 
injected directly into the mass detector component of the HPLC/MS, by-passing the 
HPLC separation process. The APCI nozzle sprays sample solution into a fine mist of 
droplets that are then vaporised in a high temperature tube. A high voltage is applied 
to a needle located near the exit end of the tube that creates a corona discharge 
enabling formation of reagent ions. The sample ions then enter the mass detector and 
are analysed, as portrayed in Figure 3.24.
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Figure 3.24: Schematic diagram showing the key components of the APCI process
[31].
The ion trap mass spectrometer consists of a ring electrode and two concentric end 
cap electrodes. Ions formed in the source are "trapped" between the end caps in the 
middle of the ring electrode, and then the trapped ions are then selectively ejected 
from the trap (scanned) to the detector [31].
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CHAPTER 4
FUNDAMENTALS OF THF, 
KETO-HYDRAZIDE REACTION
4.1 INTRODUCTION
The incorporation of crosslinking chemistry in waterborne coatings is recognised to 
provide a particularly effective means of enhancing the mechanical strength, chemical 
stability and solvent resistance properties of the final film [1-6]. Waterborne coatings 
may be designed to provide these properties by introducing functional groups that are 
capable of forming cross-links. Subsequently, the study of novel crosslinking 
technologies is a topic of ongoing interest.
A variety of crosslinking reactions that can be used for acrylic dispersions have been 
described over the years. There are two component crosslinking systems, often called 
“two pack”, where one of the crosslinking components is added just before the 
application of the dispersion [7]. Alternatively, there are self-crosslinking or “one 
pot” systems, where all reactive components are present in the formulation and stable 
during long term storage [7]. Typically, the crosslinking reaction might be triggered 
by the evaporation of water upon drying, a change of pH, or by curing at elevated 
temperatures. Examples of crosslinking systems are:
• the reaction of aziridines with polymer backbone acid groups [3];;
• the reaction of carbodiimides with acid groups [8, 9, 10];
• the reaction of OH functionality on the backbone with post added isocyanates 
[11] or melamines [12];
• the reaction of amines with epoxy functionality where either group can be on 
the polymer backbone [13,14];
• the auto oxidation of incorporated fatty acid groups [15];
• the self condensation of alkoxy silane functionality [15, 16];
• the self condensation of n-methylol acrylamide [3, 17];
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• metal ion co-ordination with backbone functional groups such as acetoacetoxy 
groups or acid groups [18,19];
• the reaction of acetoacetoxy groups with amines [ 19-21 ] ;
• the reaction of unsaturated acetoacetoxy groups via Michael addition [19, 22].
Recently a system based on the reaction of a carbonyl pendant group on the dispersed 
polymer backbone with a diamine, specifically where this amine is a dihydrazide, has 
been the subject of increased interest [7, 23, 24]. This chemistry, termed the keto- 
hydrazide reaction, offers the advantage of fast, ambient temperature crosslinking in 
functionalised acrylic latex, when the dihydrazide is incorporated in the aqueous 
phase of the latex. Anecdotal evidence also suggests that an added benefit of keto- 
hydrazide chemistry, particularly in printing ink applications, is the enhancement of 
adhesion possibly through hydrogen bonding at the substrate interface, or the 
formation of permanent covalent bonds between the dihydrazide and carbonyl groups 
at the treated polymer substrate surface [15]. Our system of interest consists of an 
acrylic latex containing diacetone acrylamide pendant groups on the polymer 
backbone, as shown in Figure 4.1.
- ( — CH2 - CCHg — ) — - ( — CH2 - CH — ) — “ ( - CH2 - CH - ) - - ( - CH2 - CH - ) -
I W I X  I Y I Z
COOCH3
Monomer units:
•Butyl Acrylate 
•Methyl Methacrylate 
•Methacrylic Acid 
•Diacetone Acrylamide
C00(CH2)3CH3 COOH C=0
N-H
C(CH3)2
CH2
COCH3
Figure 4.1: Latex polymer backbone showing pendant functional groups.
These pendant groups react with an adipic dihydrazide di-functional crosslinker, as 
indicated in Figure 4.2. It is conceivable that this reaction will yield either an imine 
(formation of C=N bonds) or an enamine (formation of C=C bonds), or a mixture of
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both [25]. The precise mechanism has not been confirmed and this lack of 
understanding has motivated this present work.
CH,
Polymer ' H2C NH CH3 CH.
•NH2
H 3C (H 2C )3  HC =
y-(CH2)6CH3
N H - N H
C H ,
Option (1) Enamine
(CH2)6CH3
N  NH
C H ,
Option (2) imine
Figure 4.2: Molecular structure of the model reactants: (A):-diacetone acrylamide 
pendant groups on the polymer backbone; (B):- adipic dihydrazide cross-linker; (C):- 
2-heptanone modelling the ketone group in the diacetone acrylamide pendant group; 
(D):- octanoic hydrazide modelling the amine group in adipic dihydrazide. Reaction 
between 2-heptanone (C) and octanoic hydrazide (D) could yield option (1) an 
enamine, and/or option (2) an imine.
A number of companies either supply or are actively developing, acrylic dispersions 
with crosslinking chemistry based upon the keto-hydrazide reaction, including Avecia 
(Neoresins), BASF, Akzo Nobel [26, 27], Johnson Polymers, Rohm and Haas [28] 
and Eastman [29]. Despite this interest, to the best of our knowledge, the reaction 
mechanism and kinetics have not been confirmed. An understanding of the 
fundamental mechanism and kinetics is essential to optimise the coating formulation 
for specific applications and the development of new materials.
An initial study was undertaken utilising Fourier transform infrared spectroscopy 
(FTIR) and infrared spectroscopic ellipsometry (IRSE) to probe the chemical changes 
in a cast latex film during drying. However, detection of the formation of new C=N or 
C=C bonds was prevented due to the significant concentration of carbonyl groups in 
the latex polymer. The carbonyl function produces a particularly dominant band in
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the region of interest (1720 to 1600 cm'^) of the infrared spectra that obscures the 
weaker bands arising from C=N and C=C. In addition it was not possible to follow 
the evolution of the reaction by-product, water, as the spectra already contained 
significant contribution of water from the drying dispersion. As these results were 
inconclusive they are not presented here, however, the work did highlight a need to 
find a suitable “model” system for study.
Model compounds are often used as a means to probe curing reactions and 
crosslinking [30]. In this work model compounds (Figures 4.2C and 4.2D) were used 
to simplify the spectroscopic analysis and establish the product of the reaction. 2- 
heptanone (Figure 4.2C) and octanoic hydrazide (Figure 4.2D) were chosen to model 
the reactive groups of the the polymer (Figure 4.2A) and the dihydrazide cross-linker 
(Figure 4.2B) respectively. On reaction, it is anticipated that these materials would 
produce either enamine or imine compounds, as shown in Figure 4.2 options (1) and 
(2), respectively.
In this chapter, the results of qualitative and quantitative study of the model reaction 
are reported. The qualitative experiments were performed with two objectives in 
mind:
• to clarify whether the product of the model reaction was an imine (C=N) or 
enamine (C=C);
• to study the reaction mechanism and in particular the influence of pH 
catalysis.
The fundamentals of the keto-hydrazide reaction were studied using model 
compounds as previously described. The reaction solutions were analysed using 
Fourier transform infrared spectroscopy, nuclear magnetic resonance spectroscopy, 
high performance liquid chromatography mass spectroscopy, gas chromatography 
mass spectroscopy, and gas chromatography in order to establish the nature of the 
reaction product and the influence of pH.
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4.2 EXPERIMENTAL MATERIALS
4.2.1 INITIAL MATERIALS
Octanoic hydrazide, 2-heptanone, deuterated chloroform and tetramethylsilane were 
purchased from , Sigma Aldrich Chemicals. Methanol (HPLC grade), water (HPLC 
grade), ammonium hydroxide, hydrochloric acid and universal indicator pH strips 
were purchased from Fisher Scientific Ltd. All chemicals were used without further 
purification.
4.3 EXPERIMENTAL
4.3.1 FOURIER TRANSFORM INFRARED SPECTROSCOPY
Stock solutions of 2-heptanone (O.IM) and octanoic hydrazide (O.IM) were prepared 
in methanol. Aliquots were combined at different levels of pH (acid, neutral, and 
alkaline) and varying the quantity of reactant as follows:
• excess 2-heptanone relative to octanoic hydrazide (2:1);
• equimolar 2-heptanone and octanoic hydrazide;
• excess octanoic hydrazide relative to 2-heptanone (1:2).
The pH of these solutions were adjusted as follows:
• acidic: adjusted with dilute hydrochloric acid in methanol to pH2;
• neutral: pH7 (no adjustment required);
• alkaline: adjusted with ammonium hydroxide in methanol to pH9.
The pH of each solution was checked using universal indicator pH strips.
Portions of each reaction mixture were cast on to potassium bromide crystals, and 
then analysed using a Mattson Research Series Fourier transform infrared 
spectrometer. Portions of each solution were analysed after a reaction time of 
approximately 30 minutes and again after 24 hours. Data were processed using 
Mattson WinFirst and Thermo Nicolet Omnic software.
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4.3.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY/MASS 
SPECTROMETRY
An aliquot of neutral pH reaction solution, aged for 48 hours, was analysed using a 
Waters Alliance high performance liquid chromatograph coupled with a Finnigan 
LCQ Duo mass spectrometer. The 1 pi sample was analysed hy direct aspiration into 
the mass detector unit, operating in APCI mode, and the peaks obtained studied for 
molecular ion information about the reaction product. Data were processed using 
Finnigan Excalibur software.
4.3.3 GAS CHROMATOGRAPHY/MASS SPECTROMETRY
Aliquots (1 pi injection volume) of neutral pH reaction solution, aged for 48 hours, 
were analysed using a Finnigan Trace gas chromatograph coupled with a quadrapole 
mass spectrometer. Analyte separation was achieved using a Phenomenex ZBl 
column (30 m length, 0.25 mm internal diameter, 0.25 pm phase thickness) with 
helium carrier gas at a flow rate of 10 ml m in '\ The sample was injected into a 
programmed temperature vapourising (PTV) injector maintained at 270 °C, with a 
split flow of 150 ml m in '\ The GC oven was maintained at 40 °C for 1 minute and 
then subjected to a ramp rate of 20 K per minute up to 300 °C that was maintained for 
2 minutes. Data acquisition commenced after a 3 minute “solvent” delay.
Scans were run in electron impact (El) and chemical ionisation (Cl) modes. El data 
provided separation and retention time data, and mass fragmentation patterns were 
utilised to aid peak identification. The Cl scans, using butane, yielded separation and 
retention time data, with molecular ion information to confirm component 
identification. Data were processed using Finnigan Excalibur software.
4.3.4 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY
The solutions described in section 4.3.1 above were also subjected to analysis using 
nuclear magnetic resonance spectroscopy. Reaction solutions were left for 24 hours, 
and then 1% dilutions of each were prepared in 5mm diameter NMR tubes, using 
deuterated chloroform. Tetramethylsilane (TMS) was added to the solutions for
107
Chapter 4 -  Fundamentals of the Keto-Hydrazide Reaction
internal reference purposes. ^^Carhon NMR spectra were acquired (each sample 
being an overnight run, comprising 1000 scans) with a single pulse at 25 °C, using a 
Jeol EX90 NMR spectrometer. No instrument-based data-handling package was 
available, and so files were transferred to Acorn NMR Inc. “Nuts” software for basic 
processing and qualitative comparison.
4.3.5 GAS CHROMATOGRAPHY
A bulk diluting solvent comprising water and methanol mixed at a ratio 20%:80% by 
volume was prepared, and separated into equal portions in glass containers. Each 
solution was adjusted in pH, using dilute solutions of ammonium hydroxide and 
hydrochloric acid in methanol. The pH measurements were monitored using a Mettler 
Toledo pH meter.
Solutions (O.IM) of the model reactants, 2-heptanone and octanoic hydrazide were 
prepared in the water:methanol solvent for each pH. Portions (10 ml) of each reactant, 
at a given pH, were combined in glass vials and sealed. Samples were removed from 
each reaction vial at recorded times and then analysed using a Perkin Elmer Auto 
System II gas chromatograph equipped with flame ionisation detection. Analyte 
separation was achieved using a Phenomenex ZBl column (30m length, 0.25mm 
internal diameter, 0.25 pm phase thickness) with helium carrier gas at a flow rate of 
10 ml m in'\ The sample was injected into a PTV injector maintained at 270 °C with a 
split flow of 20 ml m in '\ The GC oven was held at 40 °C for 1 minute and then 
subjected to a ramp of 20 K min'^ up to 300 °C that was maintained for 2 minutes. No 
acquisition delay was used. Data were processed using Perkin Elmer Turbochrom 
software.
Applying integrated rate laws [31] to the reaction, it is possible to determine and 
compare the chemical reaction rates. For a reaction of the generic type:
A + B -> Product (4,1)
then the rate of reaction is proportional to the product of the concentrations of the 
reactants, that may be expressed as:
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Reaction rate oc [a ]"" [b ]" = ^[a ]"* [b ]"
where [A] represents the concentration of 2-heptanone, [B] is the concentration of 
octanoic hydrazide and k  is the rate constant.
For a first order reaction the integrated rate equation is given hy [31]:
M
On re-arrangement equation (4.3) may be expressed as:
ln[n] = ln[H]o - k t  (4.4)
It is expected that for a first order reaction a plot of ln[A] against time will he linear, 
and the rate constant is given by the gradient.
For a second order reaction the integrated rate equation is given by [31]:
For a reaction that obeys second order kinetics then a plot of 1/[A] against time will 
be linear with the rate constant given by the gradient.
Calibration Standards
Calibration standards were prepared comprising sequential dilutions of 2-heptanone 
and octanoic hydrazide that were diluted with the water:methanol (20%:80% by 
volume) solvent mixture adjusted to a pH of 7. These solutions were analysed under 
the same GC conditions as used for the samples. The chromatographic peak areas that 
represent the concentration of the model materials data were used to construct 
calibration curves, shown in Figure 4.3. Using the linear equations for the respective 
calibration curves, the concentrations of the components in the “unknown” 
experimental solutions were calculated.
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Figure 4.3: GC/FID Calibration graph for (top) 2-heptanone, and (lower) octanoic 
hydrazide. The solid line is the linear best fit to the data that were used for the 
calibrations.
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4.4 RESULTS AND DISCUSSION
4.4.1 FOURIER TRANSFORM INFRARED SPECTROSCOPY
The carbonyl and the hydrazide groups in 2-heptanone and octanoic hydrazide are 
expected to react forming either an enamine, containing a carbon-carbon double bond, 
and/or an imine, comprising a carbon-nitrogen double bond. According to infrared 
spectroscopy reference tables, C=C and C=N functionality both give peaks in the 
1690-1630 cm'* region of the infrared spectrum [32, 33]. This makes it difficult to 
confirm the exact chemical nature of the product, but does provide a means for 
confirmation of the occurrence of a reaction.
The infrared spectra of 2-heptanone is shown in Figure 4.4. Most notably 2-heptanone 
exhibits a strong carbonyl peak at 1710 cm'*.
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Figure 4.4: Infrared spectrum of 2-heptanone acquired as a thin film cast on a
potassium bromide crystal.
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The infrared spectrum of octanoic hydrazide, shown in Figure 4.5, exhibits a strong 
band at 1628 cm'  ^ attributable to the amide carbonyl and N-H stretching. Additional 
N-H stretching peaks appear at -3300 cm '\ while peaks at -1530 cm'' and 900 to 650 
cm ' are due to the N-H bending. A C-N stretching peak occurs in the region from 
-1230 to 1030 cm''. On reaction, it is expected that the intensity of the ketone 
carbonyl and the N-H stretching and bending peaks would be reduced, as they are 
consumed during crosslinking.
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Figure 4.5: Infrared spectra of octanoic hydrazide, acquired as a potassium bromide 
disc.
On reaction of the model components, a new peak was observed in the region 1670 
cm '. Figure 4.6 shows an overlay of the infrared spectral information in the range 
2100 to 1500 cm ' for the solutions studied. With an excess of 2-heptanone (2:1 molar 
ratio) a new peak is observed adjacent to the ketone carbonyl. As the level of octanoic 
hydrazide is low then the new peak is unlikely to be due to the hydrazide. For a 
reaction mixture containing equimolar proportions of reactants, the ketone carbonyl is 
partially masked by the new peak. In the presence of excess octanoic hydrazide (2:1 
molar ratio) the new peak appears adjacent to the amide peak with a slight shoulder to 
the right due to low levels of 2-heptanone.
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Figure 4.6: An overlay of infrared spectra showing the presence of an absorption 
band at 1670 cm"' in the anticipated region for C=N imine. Spectrum 1 (red line): 2- 
heptanone; Spectrum 2 (green line): excess 2-heptanone plus octanoic hydrazide; 
Spectrum 3 (purple line): octanoic hydrazide; Spectrum 4 (blue line): excess octanoic 
hydrazide plus 2-heptanone.
The observation of the reaction peak is further illustrated in Figure 4.7 that shows the 
peak areas for the key peaks of interests for different ratio reactants under acidic 
conditions.
These results would seem to rule out any possibility that the new peak is the result of 
an amide solution shift. Critically, the new peak at -1670 cm"' is in the correct region 
for a reaction product containing C=N (1690-1630 cm"'). Whilst this does not 
conclusively identify whether the product is imine or enamine, it does confirm that a 
reaction has occurred between the reagents.
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Figure 4.7: Histogram showing the relationship between key FTIR peak areas at a pH 
of 3 for varying ratio of 2-heptanone relative to octanoic hydrazide.
In Figure 4.8 we see that the formation of the peak at 1670 cm"' that we attribute to 
the imine function is influenced by the pH of the reaction solution, with the reaction 
favoured in acidic pH.
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Figure 4.8: Histogram showing the relationship between FTIR peak area with respect 
to pH for peaks associated with 2-heptanone (C=0), octanoic hydrazide (NH] stretch 
and NH] deformation) and the reaction product (C=N).
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4.4.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY/MASS 
SPECTROMETRY
Sequential injections were made of the sample solution yielding a series of equivalent 
peaks in the total ion chromatogram, as shown in Figure 4.9. The mass spectra were 
obtained for peaks in the total ion chromatogram. The predicted molecular ion of the 
reaction product, irrespective of enamine or imine structure, is expected to be 255 
amu (M+1), and this is clearly present in the spectral data. (An additional peak, 
consistent with a dimer product, is observed at 508 amu; this feature is typical of mass 
spectral analysis.
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Figure 4.9: HPLC/MS plots showing series of sequential injections of reaction
mixture, and a single mass spectrum obtained from a sample peak.
A number of conclusions can be made at this point:
• the reaction has proceeded as hypothesised, generating the expected keto- 
hydrazide product with molecular mass 255 amu (M+1);
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the components would appear to be amenable to analysis via HPLC/MS, 
although a chromatographic separation prior to mass detection would be 
necessary to sufficiently and accurately distinguish the analytes in a 
quantitative study. That is, using the current methodology, each peak includes 
all of the analytes in the solution, and although an extracted ion chromatogram 
can be used to quantify the species with mass of interest, it is assumed that 
there are no unknown contributions to the peak intensity from other 
components in the sample matrix;
the presence of and concentration variation of analytes in the sample influence 
the efficiency and hence reproducibility of the ionisation process.
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4.4.3 GAS CHROMATOGRAPHY/MASS SPECTROMETRY
Chemical ionisation (Cl) mode
A typical chromatogram for the solution samples is shown in Figure 4.10 (note only 
peaks for 2-heptanone and reaction product are present in this particular Figure). The 
mass spectra were obtained for the peaks and are shown in the inset Figures 4.1GB 
and C. As observed during the HPLC/MS analysis, the reaction product gives a 
molecular ion of 255amu (M+1). To further confirm the integrity of the chemical 
ionisation methodology, the earlier chromatographic peak at 4.38 minutes also gives 
consistent molecular ion (M+1 = 1 ISamu) information.
Electron Impact (El) mode
Good chromatographic separation of all three components was achieved and the 
chromatographic data for different pH solutions is shown in Figure 4.11. El mode is a 
much harsher ionisation technique than Cl mode, resulting in more molecular 
fragmentation, and this data that is less easy to interpret and utilise for molecular ion 
and structure elucidation. However the fragmentation patterns, shown in Figure 4.12, 
were used to aid chromatographic peak identification.
Importantly, the chromatograms, shown in Figure 4.11, for acidic, neutral and alkaline 
solutions of reactants clearly indicate that pH influences the progress of the reaction. 
In alkaline conditions strong peaks are obtained for the reactants 2-heptanone and 
octanoic hydrazide, with an extremely small baseline peak at the retention time 
corresponding with reaction product. Neutral and acidic solutions clearly show a 
dominant product peak. Based on relative peak intensities, it is concluded that the 
acidic solution contains less of both reactants compared to the neutral and alkaline 
mixtures, showing that, over an equivalent reaction period, the process has progressed 
faster in acidic medium.
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Figure 4.10: Chromatograms and mass spectra obtained using chemical ionisation 
mode. (A): chromatogram of reaction solution, showing peaks for 2-heptanone (4.38 
mins) and product (11.95 mins); (B): mass spectrum for the 2-heptanone peak, 
showing molecular ion at 115 (M+1); (C): mass spectrum for the product peak, 
showing molecular ion at 255 (M+1)
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Figure 4.11: Chromatograms obtained using electron impact mode. (A): acidic 
solution; (B): neutral solution; (C): alkaline solution. Analyte peaks are: 2-heptanone 
at 4.39 mins, octanoic hydrazide at 8.63 mins, and reaction product at 11.85 mins.
119
Chapter 4 -  Fundamentals of the Keto-Hydrazide Reaction
m /z m /z
llUiji
m /z a
Figure 4.12: Mass spectra obtained using electron impact mode. (A): reaction
product; (B): octanoic hydrazide; (C): 2-heptanone.
1 2 0
Chapter 4 -  Fundamentals of the Keto-FIydrazide Reaction
In summary the GC/MS results reveal the presence of clear molecular ion 
information, verifying the progression of the reaction and, significantly, that the 
solution components have not undergone thermal decomposition effects during 
injection into the GC. In addition the results show a catalytic influence of pH with the 
reaetion favoured in more acidic conditions.
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4.4.4 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY
In contrast to infra-red spectroscopy, '^Carbon chemical shift reference tables indicate 
that the peaks due to C=C and C=N are expected to appear in different regions of the 
spectrum [34], hence providing the opportunity to discern the nature of the product of 
this model keto-hydrazide reaction.
NMR spectra of the individual reactants. Figure 4.13 show that 2-heptanone (Figure 
4.3 A) exhibits a notable peak at around 210 ppm, attributed to the ketone C=0 group. 
In comparison, the amide ester carbonyl in octanoic hydrazide (Figure 4.3B) is 
observed at around 175 ppm. These findings concur with the anticipated positions 
[34].
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Figure 4.13: ’^ Carbon nuclear magnetic resonance reference spectra for (A): 2-
heptanone; (B): octanoic hydrazide.
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On reacting the model components, the resulting spectra. Figure 4.14, clearly show 
significant depletion of the ketone C=0 group in the acidic and neutral solutions. In 
alkaline solution, some intensity of this same peak has been lost but not to the same 
degree. Of particular interest, however, is the appearance of four peaks in the 180- 
150 ppm region. Peaks at around 175 ppm and 170 ppm are attributable to the amide 
carbonyl. More importantly, two peaks are observed at around 160 ppm and 150 
ppm. According to reference tables the chemical shift; for C=N is expected in the 165 
to 145 ppm range [34], and so there is evidence here for C=N bond formation.
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Figure 4.14: '^Carbon nuclear magnetic resonance spectrum for reaction product 
between 2-heptanone and octanoic hydrazide under acidic conditions. The spectrum 
shows the depleted C=0 peak at 210 ppm and four peaks in the 150-180 ppm region 
attributed to the amide C=0 group and the C=N group. Two peaks appear for each of 
these groups due to the possibility of two rotamer forms. Rotation occurs around the 
N-N bond resulting in two possible orientations, shown inset.
There is evidence in the literature to indicate that the presence of two peaks in the 
NMR spectrum is most probably due to rotation about the N-N bond, altering the field 
on the amide carbonyl [34, 35], and thereby giving rise to two rotamer forms, as 
illustrated in the inset of Figure 4.14. Significantly, no peaks were observed in the 
140-100 ppm area where the C=C would be expected to be observed [34]. Therefore, 
it would seem reasonable to conclude that the product of this model keto-hydrazide 
reaction is an imine, as opposed to an enamine.
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4.4.5 GAS CHROMATOGRAPHY
The chromatographic data obtained from the pH study show once again that the 
reaction is favoured in acidic medium. This is depicted clearly in Figure 4.15 that 
presents a comparison of the chromatographic results for reaction samples after 2 
hours, for solutions in the pH range from 4 to 9. At this point during the reaction a 
product has begun to appear in the pH 6.5 solution, and the chromatograms show that 
the equivalent peak increases in intensity with decreasing solution pH.
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Figure 4.15: Chromatograms showing the intensities of peaks for 1:1 molar ratio of 
2-heptanone [O.IM] and octanoic hydrazide [O.IM] reaction solutions as a function of 
pH, from 9 to 4, sampled after two hours.
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The acid catalysis phenomenon is also graphically summarised in Figure 4.16 that 
shows the relation between initial rates and solution pH. The initial rate of reaction 
increases significantly with increasing solution acidity.
Interestingly, it was also observed from the chromatographic data that after one week 
reaction period, a significant reaction product peak also appeared in the pH 9 solution. 
If this characteristic is a feature of the latex, then it might have serious implications 
for the product storage stability, and, most critically, influence the film formation 
mechanism and final film properties.
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Figure 4.16: Graph showing the relationship between solution pH and initial reaction 
rate for octanoic hydrazide and 2-heptanone.
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4.5 FURTHER DISCUSSION
There are two key findings in this chapter:
• the keto-hydrazide reaction yields an imine reaction product;
• the reaction is acid catalysed.
It is known that the carbonyl carbon is joined to three other atoms via a  bonds that 
utilise sp  ^orbitals [37]. Three bonds require three unpaired electrons, and so one 2s 
orbital electron is promoted to the 2p level. The three bonding electrons are 
contributed by 2s and 2p orbitals, hence the terminology sp  ^hybridised (Figure 4.17). 
The spare 2p electron is available to undergo tc bonding with the oxygen atom. The 
electronegative oxygen withdraws electrons from the carbon bond, with its influence 
most significant in the 7t bond, and resulting in the carbonyl carbon attaining a relative 
positive charge [37-40]. The electrophilic character of the carbon therefore 
significantly enhances its susceptibility to nucleophilic attack by electron-rich 
reagents [38, 40].
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Undergoes n 
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Oxygen
Figure 4.17: Electronic configuration of carbon, (A), and carbon in the hybridised 
state, (B).
Moreover, the part of the molecule immediately surrounding the carbon is flat, with 
oxygen, carbon and the two atoms directly bonded to the carbon lying in the same 
plane. Consequently, this part of the molecule is open and relatively unhindered from 
attack from above or below, in the direction perpendicular to the plane of the carbonyl 
group [40]. As nitrogen exhibits an electronegative character and will readily donate
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a pair of electrons, one can anticipate that carbonyl groups will be prone to react with 
amines. The literature maintains that amines will react with aldehydes and ketones, 
with the nature of the product being dependent on the species involved and reaction 
conditions [41].
The susceptibility of the carbonyl group to nucleophilic attack is reduced by its 
attachment to electron releasing alkyl groups that reduce the degree of positive charge 
on the carbon [37, 38]. Therefore, as ketone structures comprise two alkyl groups 
attached to the carbon, compared to alkyl and hydrogen in an aldehyde molecule, then 
ketones would be expected to be less reactive than aldehydes. Indeed the presence of 
two alkyl groups would be expected to incur some steric hindrance to attack on the 
carbon. It has been reported elsewhere that primary amines produce imines on 
reaction with aldehydes and ketones, although ketones react more slowly than 
aldehydes, sometimes requiring higher temperatures and longer reaction times [41, 
42]. In addition it has been indicated that progression of the reaction is inhibited by 
the formation of water, and the literature identifies that, in reaction studies, the water 
be removed either by distillation or with a drying agent [41]. This latter behaviour is 
of particular interest in the case of the waterborne latex. It would seem reasonable to 
propose that the presence of water will “block” the crosslinking reaction until after 
sufficient drying has occurred. The water content of the film reaches a critical level 
where the equilibrium of the keto-hydrazide is shifted in favour of crosslinking [27].
Whilst primary amines and carbonyl groups will form imines, it is stated that 
enamines are formed on the reaction of aldehydes and ketones with secondary amines 
[41]. However, it is also reported that for carbonyl compounds with an a-proton, a 
tautomeric equilibrium can exist between the imine and the enamine, but in which the 
imine form predominates [43]. Despite the abundance of literature supporting imine 
formation firom reaction between the carbonyl group and primary amines, specific 
reports on the keto-hydrazide are few.
The literature indicates that the reaction of a nucleophile with a carbonyl compound is 
often catalysed by acid [38, 40, 41]. Protonation of the carbonyl oxygen further 
increases the positive charge at the carbon, making it much more susceptible to 
nucleophilic attack. So, in the case of a carbonyl compound nucleophilic addition
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will be favoured by high acidity. However, protonation of the amine produces a 
species lacking unshared electrons, and the nucleophilic character is lost. Thus, with 
respect to the amine compound, addition is favoured by low acidity. In reality, an 
efficient reaction condition would be a compromise, with the exact requirements 
depending on the reactivity of the carbonyl, and the basic character of the reagent.
Based on the experimental results of this research work and literature evidence, the 
mechanism shown in Figure 4.18 is proposed for the keto-hydrazide reaction for the 
latex.
Polymer Polym er 0  +
H" \  // "S
CHg-C ■ -  CHg-C
\  /^ \
CHn ( CH3
Carbinolamine Oxygen protonated carbinolamine
\  /
Polymer^ R ------NH2 P o ly m e r^  ^*^3 y R ------NH2
\  I / ;CH2—C NH2
OH
C H 2~Ç "^—NH
ont
H2N R
\.
NH,
- H2O
Polymer, CH
\  L /
C H 2 -6  NH
3 R  NH2
P o ly m e r^  *j'^3 ^ R  NH2
CH2-C=N
Imine
- H
Polymer\ r . /
C H 2 - C =  NH
,R NH2
Nitrogen stabilised carbocation
Figure 4.18: Proposed mechanism for the keto-hydrazide reaction within waterborne 
coating.
In an acid environment the process commences with the formation of a bond between 
H^ and the carbonyl oxygen. The nucleophilic amine group on the hydrazide 
molecule attacks the electrophilic carbonyl carbon, resulting in the formation of a C-N 
bond. Proton transfer occurs from the positively charged nitrogen to form a bond 
between H^ and the oxygen, yielding a carbinolamine. Cleavage of the positively 
charged H2O from the central carbon then occurs, forming a resonance stabilised 
intermediate. The nitrogen stabilised carbocation is the conjugate acid of the imine 
and transfer of the hydrogen atom, attached to the nitrogen, to water yields the imine.
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4.6 CONCLUDING SUMMARY
Fundamentals of the keto-hydrazide reaction have been studied utilising a model system. 
The complementary use of Fourier transform infrared spectroscopy, NMR spectroscopy, 
and gas chromatography/mass spectroscopy has provided supporting evidence to clarify - 
for the first time - that the reaction yields an imine. No data support the presence of an 
enamine in the produet. NMR provides additional verification suggesting rotamer 
behaviour and hydrogen bonding of the product in solution. Moreover, the crosslinking 
reaction is acid catalysed and the reaction rate increases as pH decreases.
In waterborne systems the time in the film formation process at which crosslinking occurs 
can have a profound effect. Thus, in the following chapter we use the fundamental 
understanding achieved from the study of a model keto-hydrazide reaction and explore 
the phenomenon within a drying latex film.
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CHAPTER 5
KETO-HYDRAZIDE 
CROSSLINKING DURING LATEX 
FILM FORMATION
5.1 INTRODUCTION
In waterborne systems the time in the film formation at which crosslinking occurs can 
have a profound effect on the physical properties of the final film. To achieve 
maximum film strength, particles should remain relatively free of crosslinks in the 
dispersion but undergo extensive crosslinking once they have formed a coating on the 
substrate. This is because molecular interdiffusion between neighbouring particles 
and the formation of entanglements between polymer chains, which is essential for 
the generation of latex film strength, must take place prior to the crosslinking reaction 
[1-7]. The importance of molecular entanglements is illustrated in Figure 5.1. 
Adhesion arising from van der Waals forces between two contacting particles (Figure
5.1 A), and partial chain extension across the interface between particles (Figure 5.IB) 
is insufficient to achieve maximum strength. To maximise the tensile mechanical film 
strength, polymer molecules must diffuse a distance equivalent to the radius of 
gyration and form entanglements (Figure 5.1C) across both sides of the interface [1, 
7]. At that point there is no trace of the original interface and the strength of the bulk 
material is recovered. To toughen the material, the elastic modulus can be raised by 
the formation of crosslinks that secure the molecules on both sides of the interface [8,
9].
It is well established however, that the rate of polymer diffusion is considerably 
sensitive to polymer chain length and the presence of branching [8-11]. A low 
molecular weight polymer would be expected to exhibit much faster diffusion as.
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according to scaling theory, the self diffusion coefficient, D, [1,2] of a polymer chain 
depends inversely on the molecular weight as:
(5.1)
When the reaction and diffusion are coupled then the polymer chain length and the 
extent of chain branching increase as the reaction proceeds, and the mobility of the 
chains in the entangled state is therefore drastically reduced. Thus, crosslinking slows 
down interdiffusion.
[A] Interfacial wetting:
weak adhesion from van 
der Waals attraction
[B] Chain extension 
across the interface:
likely failure by chain 
pull-out
[C] Chain entanglement 
across the interface:
possible failure by chain
scission
Figure 5.1: Simplistic view of chain interactions across an interface between
contacting polymers, van der Waals attractions [A] and partial chain extension [B] are 
insufficient to achieve maximum strength. For maximum tensile mechanical strength 
polymer chains must diffuse a distance equivalent to the radius of gyration [C].
Figure 5.2A shows how, in the absence of crosslinking, interdiffusion of the polymer 
molecules occurs and the interfaces between cells dissolve. Once the gel content 
reaches unity then diffusion and mixing are limited to the remaining dangling ends of 
the anchored chains in the polymer network (Figure 5.2C). Strongly crosslinked 
particles are unable to interdiffuse [12, 13]. It is therefore possible that crosslinking 
may completely prevent healing of the interfaces. Recent studies have shown that in 
latex films interdiffusion across the inter-cellular boundary must occur prior to 
crosslinking or the films will remain mechanically weak [12, 13]. As previously 
described in Chapter 2, if crosslinking occurs within the individual latex particles
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faster than the polymers diffuse across the inter-particle boundary then extensive 
particle coalescence and interdiffusion will be prevented and the inter-particle 
boundaries retained (Figure 2.10) [10, 11, 14-16]. This will result in the formation of 
films with less than optimum strength.
Figure 5.2: The influence of crosslinking on the interdiffusion of polymer molecules 
between particles and the dissolution of interfaces. A: free polymer chains interdiffuse 
between contacting particles and interfaces dissolve; B: free chains diffuse into gel 
particles and interfaces dissolve; C: contacting gel particles, interdiffusion limited to 
dangling chain ends. Note that • denotes crosslink points.
In systems containing an external crosslinker that is dissolved in the aqueous phase, 
its partitioning character between the polymer and water imparts a further 
complication. Ideally, the latex exhibits long term stability and shelf-life, remaining 
free of cross-links in the dispersion and in storage i.e. the crosslinker is highly water 
soluble with a minimal tendency to partition in the latex particles. Any reaction that 
occurs in this state will lead to intra-particle crosslinking. If, as the film dries, the 
crosslinker does not readily dissolve and uniformly distribute within the polymer 
particles then localised crosslinking may result, as illustrated in Figure 5.3. Low gel 
regions are present causing poor mechanical integrity and resistance performance in 
films used as a protective coating.
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L ocalised  crosslinked  
region
Low gel region
Figure 5.3: Simplistic view showing that poor crosslinker partitioning and non-
uniform distribution throughout particles can result in localised crosslinking. Low gel 
domains result in inadequate abrasion and resistance in films acting as a protective 
coating.
As a result, development and optimisation of waterborne coatings incorporating 
crosslinking chemistry relies on an understanding of the relative rates of polymer 
diffusion and crosslinking during the film formation process. In this Chapter the 
evolution of pH in a drying film with change in solids fraction is studied in order to 
try to clarify the onset point of crosslinking during film formation. An indicator paper 
method is used to quantify surface pH change as a function of time and this is 
complemented by a colorimetric spectroscopy method in order to explore pH change 
within the bulk of the drying film. No reported works were identified on the study of 
pH change in relation to latex film formation and crosslinking.
It should be noted that the crosslinking reaction in our system can occur between 
DA AM groups within the same particle or it can occur at the interface between 
particles, /fz/ra-particle crosslinking will increase the stiffness and strength, but 
without entanglements at particle/particle interfaces, the films will lack cohesion. 
/«7er-particle crosslinking will generate more cohesion, however, even in the absence 
of entanglements and interdiffusion.
Drawing on the conclusions from the study of the model chemical system in Chapter 
4, the catalytic influence of pH on crosslinking and the fact that pH evolves during 
film formation are now addressed. These factors determine when the reaction 
develops as the film dries. Measurement of the latex pH relative to the polymer mass
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fraction during film formation clarifies the expected point of onset for crosslinking in 
relation to particle packing. Although the competing effects of crosslinking and 
interdiffusion in various waterborne systems have been studied, there are no such 
reports on keto-hydrazide coatings, until now.
Gel fraction and swelling measurements utilizing gravimetric analysis and 
spectroscopic ellipsometry are used to probe the progression and extent of 
crosslinking during latex film formation as a function of part
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5.2 EXPERIMENTAL MATERIALS
5.2.1 INITIAL MATERIALS
Butyl acrylate, methyl methacrylate, diacetone acrylamide, methacrylic acid, styrene, 
ammonium persulphate, adipic dihydrazide, ammonium hydroxide were supplied by 
Sigma Aldrich. Texapon K-12 (sodium dodecyl sulphate) was purchased from 
Henkel. Acetone, tetrahydrofuran, toluene, ethyl acetate, methyl ethyl ketone, diethyl 
ether, dichloromethane, hexane, heptane, isopropyl alcohol, methanol, litmus, 
diethanolamine, hydrochloric acid, acetic acid, sodium hydroxide and HPLC grade 
water were supplied by Fisher Scientific Ltd. Phosphotungstic acid and osmium 
tetroxide were purchased from Agar Scientific Ltd. All chemicals were used without 
further purification.
5.2.2 PREPARATION OF LATEXES
The core-shell and mono-phase latexes used in this research study were prepared by 
an emulsion polymerisation process according to a procedure previously developed by 
Sun Chemical Ltd. [17]. The formulations (these are confidential) of all of the latexes 
prepared are summarised in Table 5.1.
The reaction flask (1 litre) was charged with deionised water and surfactant and 
heated to 80 °C via a thermostatically-controlled heating mantle. Care was taken to 
avoid direct surface contact between the flask and heating mantle in order to prevent 
scorching of the flask contents.
A pre-prepared monomer “seed” mixture was added to the flask, whilst stirring, and 
the temperature allowed to stabilise. Then an initiator “seed” was similarly added to 
the reaction vessel. The mixture was left for approximately 15 minutes to allow the 
latex “seed” to develop, before commencing the monomer feeds. For the standard 
core-shell latex monomer mixture “A”, the soft phase, was fed into the vessel at a rate 
of 1.5 ml per minute. Initiator mixture “2” was split into six equal portions and then 
added at half hour intervals during the monomer feeds.
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Once all of monomer mixture “A” had been fed into the reaction vessel then monomer 
mixture “B”, the hard phase, was added at a rate of 1.5 ml per minute. Throughout 
the process the reaction temperature was maintained at 80 °C, however, once the feeds 
were completed, the temperature was raised to 82 to 83 °C and allowed to stabilise for 
15 minutes. Initiator mixture 3 was then added and the reaction temperature was 
maintained at 82 to 83 °C for a further 75 minutes, after which the latex was cooled. 
The latex was filtered through a mesh in order to remove large aggregates.
In addition to the standard core-shell (“SCS”) latex additional latices were prepared 
for comparison:
• single phase high Tg (“HTg”) and low Tg (“LTg”) latexes based on monomer 
“A” and monomer “B”, respectively, of the standard core-shell latex 
formulation;
• single phase self-crosslinking acrylic latex (“SP”);
• larger particle size core-shell latices (“MSCS”) and (“LSCS”).
These polymers were prepared in order to study the influence of polymer Tg, particle 
size, and morphology (core-shell or single phase) on the film formation and 
crosslinking processes.
Portions (100 g) of filtered latex were decanted and the pH of latex was adjusted to 
8.5 using 25% ammonium hydroxide solution. Aliquots (10 ml) of aqueous adipic 
dihydrazide solution (10%, 5% and 2%, respectively) were thoroughly stirred into the 
aforementioned portions of latex. Different levels of crosslinker were used in order to 
study the relationship between crosslinking and film ageing and also to compare the 
relative rates of crosslinking and interdiffusion. These additions correspond with 1 
wt.%, 0.5 wt.% and 0.2 wt.% crosslinker content, respectively. These concentrations 
correspond to the molar ratios summarised in Table 5.2.
Table 5.2: Molar ratios of ADH crosslinker to DAAM groups in “SCS” latex.
ADH wt.% added to latex Number of moles ADH:1 mole DAAM
1 0.37
0.5 0.18
0.2 0.075
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5.2.3 CHARACTERISATION OF LATEX 
Measurement o f Particle Size
Dilute solutions (-0.1%) of the emulsion polymers were prepared in filtered HPLC 
grade water, and then analysed by photon correlation spectroscopy, using a Malvern 
Zetasizer, in order to determine the average latex particle diameter. These results are 
summarised in table 5.3. The data are supported by particle diameter range data 
measured from the Cryo-SEM and AFM images obtained during this research.
Measurement o f Polymer Glass Transition Temperature
Portions (~10mg) of dried latex were prepared and then analysed by means of a 
Perkin Elmer DSC7 differential scanning calorimeter, equipped with a CCA7 cooling 
system, in order to characterise the Tg of the emulsion polymer [18, 19].
I
I
u_
Temperature °C
Figure 5.4: Representation of a heat flow (W/g) vs. temperature (°C) curve showing 
a transition typical of a latex polymer Tg. The Tg was measured from the mid-point of 
the inflexion as shown.
Samples were held at -60 °C for 1 minute and then subjected to a 100 K per minute 
temperature ramp to 200 °C. The samples exhibited endothermie peaks during the
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first heat cycle, corresponding to water melting and boiling [18, 19]. These peaks 
prevented Tg measurement and so, at the end of the first cycle the samples were 
cooled again at 100 K per minute and held at -60 °C for 1 minute. They were then 
exposed to a second 100 K per minute ramp to 200 °C. The Tg was located from the 
mid-point of the inflexion in the heat flow curve as shown in Figure 5.4. The results 
are summarised in Table 5.3.
Table 5.3: Summary of Tg and particle size data for the latex reference samples.
Sample ID First 7  ^Ce) Second Tg (®e) Mean particle 
diameter (nm)
s e s  1 wt.% ADH Not detected 115
(116.1 Repeat)
71
(range 60-80)
s e s  0.5 wt.% ADH -1 106 74
(range 60-80)
s e s  0.2 wt.% ADH -2 106 71
(range 60-80)
s e s  (No ADH) -2 106
(110.5 Repeat)
68
(range 60-80)
LTg 1 wt.% ADH -4
(1.19 Repeat)
Not applicable 65
(range 60-80)
LTg (No ADH) -3
(-0.6 Repeat)
Not applicable 63
(range 60-80)
HTg 1 wt.% ADH Not applicable 119 
(119 Repeat)
65
(range 60-80)
Mses 1 wt.% 
ADH
-13 103 172
(range 150-200)
LSeS 1 wt.% ADH Not detected 113
(118 Repeat)
268
(range 250-300)
SP 1 wt.% ADH 25 Not applicable 66
(range 60-80)
SPLMW 1 wt.% 
ADH
25 Not applicable 68
(range 60-80)
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Particle Morphology Determined by Electron Microscopy
The structure of the standard self-crosslinking, core-shell latex was investigated using 
transmission electron microscopy (TEM) and cryo-scanning electron microscopy 
(Cryo-SEM).
For the TEM study portions (each ~2mls) of latex were transferred to glass vials. 
Several drops of a buffered aqueous 1% solution of phosphotungstic acid, a stain that 
reacts with surface functional groups thereby increasing electron scattering during 
TEM examination [19], were added to one vial. Drops of a 1% solution of osmium 
tetroxide were added to the remaining vial. Osmium tetroxide reacts with carbon- 
carbon double bonds and similarly enhances image contrast by increasing electron 
scattering due to the presence of the heavy metal within the polymer [20]. The 
reaction also “fixes” or hardens the polymer through chemical crosslinking thus 
enhancing stability of the sample under the electron beam. The contents of each vial 
were allowed to stand for 1 hour after which time a drop of latex solution was placed 
onto a copper TEM grid and the excess fluid removed using filter paper. Specimens 
were allowed to dry for 1 hour and then examined using a Philips transmission 
electron microscope, with an 80 kV accelerating beam voltage.
The TEM micrographs. Figure 5.5, show that in latex stained with phosphotungstic 
acid, a “halo” effect is observed around the particles. This is most notable in the 
highlighted regions of Figure 5.5B and might be interpreted as evidence of core and 
shell structure.
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. j Ai
Figure 5.5: TEM micrographs showing “SCS” latex stained with phosphotungstic 
acid. Highlighted regions indicate “halo”. Images A and B: latex stained with 
phosphotungstic acid.
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The TEM micrographs of osmium tetroxide stained latex, Figure 5.6, exhibit 
structural detail that might be related to the particle shell material. However, it is also 
feasible that this could be attributable to staining of the serum components.
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Figure 5.6: TEM micrographs showing “SCS” latex stained with osmium tetroxide. 
Darkened structure may be due to particle “shell” or stained serum components.
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For the examination by cryo-SEM, portions of latex were placed on to a brass rivet 
and then subjected to rapid freezing in slushy liquid nitrogen. The frozen sample was 
transferred under vacuum to a Gatan Alto cryo preparation chamber interfaced with 
an Hitachi S4700 field emission electron microscope. The sample was maintained at - 
185 °C on a cold stage and subjected to fracture using a cold scalpel blade. The 
sample was then “etched” by controlled heating at -90 °C incurring water sublimation, 
after which the sample was cooled again to -185 °C. The specimen was gold sputter- 
coated prior to transfer to and examination within the electron microscope.
The Cryo-SEM image displayed in Figure 5.7 reveals the presence of regular, 
spherical particles. These images would indicate that the surface of the particle has an 
even coverage, i.e. the shell phase has evenly coated the core polymer during the 
emulsion polymerisation process.
*
S47001.OkV 5.9mm xSO.Ok SE(U) 3/18/99 600nm
Figure 5.7: Cryo-SEM micrographs showing the consistent surface topography of 
“SCS” latex particles indicating even coverage of the “shell” phase encapsulating the 
particle “core”
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5.3 PROBING pH CHANGE DURING LATEX FILM FORMATION
5.3.1 EXPERIMENTAL
The change in surface pH was measured using indicator paper as a function of drying 
time until the touch dry point. In a complementary experiment, litmus was added to 
the wet latex dispersion prior to film formation and the drying latex was then 
monitored using UVA/'is spectroscopy. Spectroscopic analysis is more sensitive than 
an indicator paper method for probing pH [21]. The difference in sensitivity is 
illustrated in Figure 5.8 that shows the comparison of the two measurement methods 
for a simple acid-base titration. Measurement using universal indicator paper is based 
on a visual comparison to a prescribed colour chart correlating with pH and this can 
be subjective, particularly in the mid pH range. Thus, the data for indicator paper 
show a more gradual change, in contrast to the sudden change in the spectroscopy 
data.
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Figure 5.8: Graph showing the relationship between the absorbance intensity,
measured at 580 nm, for titration of O.IM hydrochloric acid solution with O.IM 
sodium hydroxide. Profiles show data for pH measurement using visual assessment 
of indicator paper compared with UV/Vis spectroscopy.
147
Chapter 5 -  Keto-hydrazide Crosslinking during Latex Film Formation
At alkaline pH the solution of litmus and water exhibits a strong absorbance at 580 
nm as depicted in Figure 5.9, and as the acidity of the solution increases then there is 
a corresponding decrease in absorbance intensity at 580 nm.
I
Wavelength (nm)
Figure 5.9: UVA/'is absorption spectra showing the relationship between absorbance 
and wavelength for different pH solutions comprising litmus in water. Green line: pH 
of 9; red line: pH of 8; blue line: pH of 7; turquoise line: pH of 5; brown line: pH of 4.
Between a pH of 6 and 5 the wavelength of the absorption maximum shifts to 500 nm, 
and the intensity of absorption is significantly reduced. The observation of absorption 
shift is not surprising as the purple-blue alkaline solution absorbs the complementary 
colour i.e. yellow-green in the wavelength range 560-595 nm [21]. Similarly, the 
acidic solution that visually appears red-purple absorbs bluish-green in the 
wavelength range 490-560 nm.
In order to correlate pH change with film formation of the latex, the change in mass 
fi-action was also measured gravimetrically as a function of drying time. The results 
for pH and mass fraction change were then combined to provide an indication for the 
point of onset of crosslinking during latex drying.
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To determine the change in mass fraction of the latex it was necessary to establish the 
rate of water evaporation under the conditions of this experiment. An aliquot of de­
ionised water was weighed into a petri dish of known dimensions. The water was then 
allowed to evaporate under ambient conditions of temperature and humidity, with the 
weight of the water recorded at regular, recorded time intervals. The water mass loss 
per unit area was calculated and plotted against the evaporation time. The gradient of 
the linear plot was calculated and used to determine the evaporation rate (cm/second) 
of water.
Mass lost (g) ( 5,2)Evaporation rate =
area (cm^ ) x time (s) x density of water (g/cm^ )
A portion of “SCS” latex was weighed into a pre-weighed aluminium dish and then 
transferred to a vacuum oven and dried to constant weight at 120 °C. The solids 
content of the “SCS” latex was then calculated using the equation:
 ^ final dry mass% solid content =
initial wet mass )
“SCS” latex cast on to silicon disc substrate was used as the model for the experiment. 
The thickness and diameter of the film were measured and used to calculate the 
volume of latex that would be present on the silicon disk. The results from the solids 
content experiment were used to calculate the volume of polymer and water, 
respectively, in the freshly cast film. These volumes were converted to mass using 
values for density, revealing the quantity of water available to evaporate during film 
drying.
The evaporation rate of water, determined previously, was used to compute how much 
water height would be lost per 30 seconds during drying. This was converted into 
volume of water and then to mass of water lost, from which the mass of water 
remaining was deduced. Subsequently, the mass fraction of polymer at each time 
interval was calculated using the equation:
Mass fractions----------------- Mass of polymer--------------------------------------------(5.4)
Mass of polymer + mass of remaining water
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5.3.2 RESULTS & DISCUSSION
Measurement of the change in pH with time using indicator paper revealed that the 
surface pH of a drying thick film rapidly increases in acidity, as shown in Figure 5.10 
below.
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Figure 5.10: Graph showing the change in pH with time for a thin latex film during 
film formation.
The evaporation rate of water was determined from the gradient of the graph, Figure 
5.11, that shows the relationship between mass of water lost per unit area with respect 
to evaporation time.
The gradient of the linear plot was calculated (1.703 x 10'  ^g/cm^/s) and this value was 
divided by the density of water to compute the evaporation rate (cm/second).
Evaporation rate = Mass lost (g) 1.703x10
-6
area (cm ) x time (s) x density (g/cm ) 0.9974
= 1.708x10'^ (cm/s)
The solids content was calculated and the latex was found to comprise 40% non­
volatile component (mainly polymer, but including salts and surfactant) and 60% 
volatiles (mainly water).
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Figure 5.11: Graph showing the relation between accumulative mass loss (grams) of 
water per square cm area vs. time for two replicate experiments. Data acquired under 
ambient temperature and humidity conditions.
For an area, 19.64 cm^, of latex film and layer thickness 0.001 cm, the volume was 
calculated as 0.02 cm^. Using the solids content determined previously the initial 
volume of polymer and water present in the film were calculated as 0.0079 cm^ and 
0.0012 cm  ^ respectively. These figures were then converted to mass of polymer, 
0.0078 g, and water, 0.012 g, initially present in the film. The evaporation rate of 
water, determined previously, was used to compute how much water height would be 
lost per second during drying. This was converted into volume of water and then to 
mass of water lost from which the mass of water remaining was deduced. 
Subsequently, the solids fraction of polymer was calculated (equation (5.4J) at 30 
second time intervals and the results are summarised in Table 5.4 and Figure 5.12.
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Table 5.4: Table summarising the predicted change in solids fraction with time for 
“SCS” latex during film formation.
Time
(seconds)
Height lost 
(cm)
Volume 
lost (cm )^
Mass lost 
(g)
Water
remaining
(g)
% Solids 
fraction
1 1.7 x l O '* ’ 3.34  X 10 '^ 2.34  X 10 '^ 1.17  X  10'^ 40.1%
30 5.11 X 10"^ 1.0 X 10'^ 1.00  X 10 '^ 1.07  X  10'^ 42.2%
60 1.02 X 1 O '" 2.01  X lO r" 2.00  X 10 '" 9.75  X 10'^ 44.6%
120 2 .0 4 x 10^ 4.01  X 10'^ 4.00  X 10'^ 7.75  X  IC r" 50.3%
180 3.07  X 10 G 6.02  X 10 '^ 6.00  X 10 '^ 5.75  X  10'" 57.7%
240 4.09  X 10 ^ 8.03  X  10 '" 8.01 X 10 '" 3.75  X  10'^ 67.7%
300 5.11 X 10 ^ 1.00  X  10'^ 1.00  X 10'^ 1.74  X  10'" 81.8%
c 120 o
Ü 100 
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Figure 5.12: Graph showing the change in % solids fraction with time for a 1 pm 
latex film.
Simple geometry indicates that mono-sized, spherical colloidal particles exhibiting 
cubic close packing will have a solids mass fraction of 74% [22]. Gravimetric 
measurement of latex solids fraction as a function of time during film formation 
therefore can be used as a rough indicator of the point of particle close packing. 
Measurements of the film pH with indicator paper revealed an increase in acidity 
reaching a pH of ~6 after six minutes. The complementary experiment, in which
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litmus was added to the wet latex dispersion prior to film formation, clearly revealed 
(Figure 5.13) that the film became significantly acidic when dried. The decreasing 
pH during film formation is attributed to the loss of ammonia through evaporation. 
Significantly, latex pre-neutralised with non-volatile amine did not exhibit the pH 
change.
B
Figure 5.13: Optical micrographs showing the pH of latex films eontaining litmus 
and dried for 2 weeks. Sample A: “SCS” latex adjusted with sodium hydroxide to pH 
9; sample B: “SCS” latex adjusted with acetic acid to pH4.5; samples C and D: 
“SCS” latex adjusted with ammonia to pH 9; sample E: “SCS” latex adjusted with 
ammonia to pH 11.
Combining the pH measurements with the solids fraction measurements. Figure 5.14, 
it can be estimated that when the particles achieve close packing at around 74% solids 
content, the film’s pH has reached a value of approximately 6.5. If packing is random 
then the pH will be slightly higher. The gas chromatography data reported in Chapter 
4 clearly showed that the chemical reaction rate increases substantially below a pH of 
7. Therefore crosslinking in the film is favourable only near and after the point of 
close packing. Using this new information and the fundamental infonnation from 
Chapter 4, the factors influencing the kinetics and crosslink density attained with the 
latex film will now be addressed.
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Figure 5.14: Graph showing the change in pH for a thin latex film during film 
formation with respect to change in solids content. After approximately three minutes 
when close packing has occurred, the film surface is at pH of -6.5, and crosslinking 
will occur.
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5.4 PROBING EXTENT OF CROSSLINKING BY GEL FRACTION & 
SWELLING
During the process of gelation a three dimensional network is formed resulting from 
irreversible crosslinking. When a certain fraction of molecules are bonded to the 
network then the sample changes abruptly from a liquid to a solid-like material [6, 23, 
24]. Beyond the “gel point”, one structure percolates through the entire system. The 
“gel” fraction for a polymer is defined as the fraction of all polymer molecules 
belonging to the gel, and the fraction of all polymer chains that are unreacted or 
belong to finite sized polymers, are termed the “sol” fraction. It follows then that 
every polymer molecule must be either part of the sol or part of the gel so that the sum 
of the two is unity.
Below the gel point all species are soluble in a good solvent, that is, one that is 
capable of dissolving the uncross-linked equivalent polymer within a reasonable time 
span. The solubility of one component in another is governed by the equation for the 
Gibb’s free energy of mixing [6, 25-28]:
where AGm is the change in the free energy on mixing, T  is the absolute temperature, 
and ASm is the entropy of mixing. A negative value of AGm indicates that the 
dissolution process will occur spontaneously [6, 25-29]. The term TASm is always 
positive because there is an increase in the entropy on mixing. Therefore the sign of 
AGm depends on AHm, the enthalpy of mixing. The heat of mixing is usually positive, 
opposing mixing, but exceptions occur when the two species attract in some way, for 
example if they exhibit opposite charge, are highly polar, show acid and base 
character relative to each other, or have hydrogen bonding [30]. Flory and Huggins 
introduced a unitless quantity, %, which accounts for the effects of intermolecular 
interactions between the polymer chains and the solvent molecules [6, 25-27, 29]. 
Subsequently, they derived an expression (5.6) for the free energy of mixing in terms 
of the polymer volume fraction, v^ , and the solvent-polymer interaction parameter, %, 
[23, 25-27].
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AG,m ixing = RT ln(l - V2 (5,6)
where % is the number of monomer segments per polymer chain, T  is the temperature 
and R is the ideal gas constant. In this expression, the first two terms represent the 
entropie contribution, and the last term is the enthalpic term [6]. In a poor solvent the 
polymer-solvent interactions are weak and attractive forces between the polymer 
chain segments predominate so that the random polymer coils adopt tight, contracted 
conformations. In a good solvent the attractions between the polymer chain segments 
are smaller than the polymer-solvent interactions, and so the random polymer coils 
will tend to swell beyond the size of a random coil. The influence of % on the free 
energy of mixing is illustrated in Figure 5.15 that has been obtained by substituting 
values into equation (5.6).
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Figure 5.15: Graph showing the relationship between the change in free energy of 
mixing and the volume fraction of polymer with respect to % parameter. Profiles are 
shown fbr% values of 0.2, 0.5, 0.8, l.I and 1.3, respectively. For all profiles x = 10  ^
and T= 300K.
If X is small or even negative then mixing is favourable and AGm is significantly 
negative. Conversely, if % is large and positive, then AGm becomes more positive and
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mixing is much less favourable. For example, when % has a value of 1.3, as in Figure 
5.15, the AGm becomes positive at a certain polymer-solvent ratio, clearly indicating 
that mixing is not favourable.
In the case of a crosslinked polymer, the presence of crosslinks within the network 
restricts movement and complete separation of the chains [6, 27, 28]. On exposure to 
a good solvent, the material swells as solvent molecules diffuse into the network 
causing the randomly coiled chains to expand. As the polymer chains in the cross- 
linked network begin to move apart under the swelling action of solvent, there is a 
free energy “cost” (AGelastic) from an elastic, retractive force opposing the 
deformation. As the polymer molecules swell, the number of chain conformations is 
reduced. Therefore, the elastic component of the free energy is associated with the 
change in the entropy as the network is deformed and is related to the molecular 
weight between crosslink points. Me, by the expression [6]:
(5.7)
where Vi is the molar volume of solvent and p is the density of the bulk material [6, 
27]. The term represents the cross-link density, n, that is the number of active
network chain segments per unit volume. Model data, shown in Figure 5.16, show 
that when the molecular weight between crosslinks is low i.e. for a material with high 
crosslink density, then the elastic free energy of the system is higher compared to that 
of the less cross-linked material.
At a lower polymer volume fraction (material comprises more solvent than polymer), 
the elastic free energy is lower and the system exhibits a different elastic character, 
and hence elastic modulus. The elastic modulus, E, is directly related to crosslink 
density [6] through the equation:
E = 3nRT (5.8)
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Substituting the term for n, then the elastic modulus becomes inversely related
to Mr as:
E = 3pRT
The higher the elastic modulus, the more resistant the material is to being stretched. 
Therefore, as the crosslink density increases, the elastic free energy is more positive, 
and swelling becomes less favoured.
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Figure 5.16: Graph showing the relationship between elastic free energy change vs. 
polymer volume fraction as a function of the molecular weight between crosslinks. 
Profiles are shown for Me values of 500, 100, 3000, 6000, and 10000, respectively. 
For all simulations C/ = 106 and T= 300K..
The swelling free energy is therefore the sum of the mixing and elastic free energies 
and can be expressed:
^^ {Swe/ling) ~ ^^ (Mixing) ^^ {Elastic) (5.10)
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and the swelling reaches an equilibrium state when the free energies balance [6, 27]. 
Thus, swelling is
• favoured by the entropy change caused by the mixing of polymer and solvent;
• resisted by the heat of mixing of polymer and solvent;
• resisted by the entropy change caused by the reduction in possible chain
conformations on swelling.
Flory and Rehner linked the swelling behaviour of a material within a good solvent to
its crosslink density through the relationship [6, 25, 27]:
^^ Swelling ~ l n { \ - y , ) + v ,+ z y 2 + ^ ^ (5.11)
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Figure 5.17: Graph showing the relationship between swelling free energy change 
and volume fraction with respect to x  for a polymer with Me of 3000. Profiles are 
shown for /  values of 0.2, 0.5, 0.8, 1.1 and 1.3, respectively, are shown. For all 
simulations Vi = 106, v = 10^  and T= 300K.
159
Chapter 5 -  Keto-hydrazide Crosslinking during Latex Film Fonnation
For small or negative values of% then AGm is negative, as in Figure 5.17, and swelling 
is favoured. In contrast, for large values of % then AGm becomes more positive and 
swelling becomes unfavourable. The point in Figure 5.17 at which the graph 
intersects the x-axis gives the polymer volume fraction at equilibrium swelling. 
Plotting this value with respect to the interaction parameter. Figure 5.18, highlights 
the significance of the polymer-solvent interaction parameter. For lower values of % 
then swelling is favoured and a low polymer volume fraction results. Conversely, for 
high values of % (where swelling is less favourable) the polymer volume fraction 
remains high, closer to pure polymer.
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Figure 5.18: Graph showing the relationship between the interaction parameter and 
the polymer volume fraction at equilibrium swelling i.e. when the swelling free 
energy change is zero. For all simulations Vi = 106, x = 10  ^and T=  300K.
Figure 5.19 shows that, for model data, the free energy of swelling is more negative 
for a polymer with high molecular weight between crosslinks (i.e. low crosslink 
density) compared to one with a low molecular weight between crosslinks (i.e. high 
crosslink density).
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Figure 5.19: Graph showing the relationship between swelling free energy and
polymer volume fraction and the influence of different molecular weights between 
crosslinks. Profiles for Me values of 500, 1000, 3000, 6000 and 10000, respectively 
are shown. For all simulations, % = 0.5, Vi = 106, % = 10^  and T = 300K.
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Plotting the equilibrium polymer volume fraction with respect to Me (Figure 5.20) re­
emphasises that at low Me {le. high crosslink density) which is not expected to swell 
then the polymer volume fraction is higher. In this case the material will "consume" 
less solvent to reach its equilibrium swelling point.
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Figure 5.20: Graph showing the relationship between the molecular weight between 
crosslinks and the polymer volume fraction. For all simulations Vi = 106, x = 10  ^and 
r= 3 0 0 K
At equilibrium swelling, when the free energy change is zero, equation (5.11) may be 
re-arranged forming the expression [6, 27]:
p  - [ l n ( l - v j + V 2 + % v j (5,12)
n =
V,v;
that enables calculation of the degree of crosslinking (mol cm'^), n, for the swollen 
material if  the polymer volume fraction and % are known. The volume fraction can be 
obtained by measuring the swelling behaviour of the polymer. The swell ratio can be 
measured experimentally, and the inverse provides a measure of the amount of 
polymer in the swollen mass [6, 27].
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5.4.1 EXPERIMENTAL
To identify an appropriate solvent for these experiments, portions of crosslinker free 
polymer were weighed into pre-weighed glass vials and allowed to dry for 24 hours. 
The vials were then reweighed prior to addition of an aliquot of a solvent. These 
mixtures were left for a further 24 hours. After this time had elapsed the soluble 
portions were then decanted into pre-weighed aluminium dishes. The solvent was 
removed by evaporation under a cold air stream. Once dry the aluminium dishes were 
reweighed and the % soluble portion of polymer was calculated.
Table 5.5: Table summarising the % soluble fraction results for different solvents
% Soluble
Replicate 1 Replicate 2
Tetrahydrofuran 9&24 98.27
Toluene 96.46 96.87
Acetone 96.53 96.64
Ethyl acetate 98.53 98.94
Methyl ethyl ketone 97.58 97.90
Diethyl ether 30.66 16.69
Dichloromethane 96^3 97.45
Hexane 0.96 035
Heptane 0.96 0.77
Iso-propyl alcohol 935 1.26
Methanol 16.27 17.96
The soluble fraction results. Table 5.5, reveal that the crosslinker free "SCS” latex is 
soluble in several solvents: tetrahydrofuran, toluene, acetone, ethyl acetate, methyl 
ethyl ketone and dichloromethane. Based on a review of Health & Safety data, 
acetone was chosen as the most appropriate solvent for this research.
It has been reported that for polymers of high molecular weight the dissolution 
process may take several hours or longer depending on factors such as sample size
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and temperature [29]. Consequently, the optimum film extraction time was 
determined for this work.
A crosslinker free polymer film was cast on a silicon wafer using a wire-wound Kbar. 
The film was allowed to dry for 24 hours and then submerged in a petri dish 
containing acetone solvent. The polymer was monitored periodically in order to 
identify the time for complete dissolution of the material in the solvent. The time for 
complete dissolution of the films was found to be 2 hours.
5.4.1.1 MEASUREMENT OF GEL FRACTION
Gravimetric gel fraction measurements were performed on films bar-cast on silicon 
substrates via the extraction of the soluble portion using acetone. The films were 
dried in air at ambient temperature and humidity, prior to measurement. The change 
in percentage gel with drying time was measured as a function of particle size, film 
thickness, level of crosslinker and molecular weight.
The application of gravimetric measurement of gel fraction to bulk and thick layers is 
well known [31-33]. In this work a complementary measurement of the gel fraction 
was undertaken using spectroscopic ellipsometry as this method offers a potential 
advantage in the study of thin films. No other reported studies using this approach 
have been identified. In order to cover the end-use film thickness range of interest 
two instruments were used:
• variable angle spectroscopic ellipsometry (VASE) enabling study of films 
thinner than 1pm;
• infra red spectroscopic ellipsometry (IRSE) allowing the measurement of film 
1-30pm in thickness.
For this experiment a sample holder, shown in Figure 5.21, was designed specifically 
for the ellipsometer stage enabling consistent repositioning of the samples after the 
solvent extraction process.
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Figure 5.21: Simplified view of sample holder: (A) shows the top view and (B) 
shows the section view, as interfaced with the ellipsometer stage.
The non-extractable mass fraction, measured gravimetrically (by mass), and/or by 
spectroscopic ellipsometry (by film thickness), was used to calculate the gel content 
as follows:
_ 100 X (Post - solvent soak dry film mass or thickness) (5.13)% Gel fraction =
(Pre - solvent soak dry film mass or thickness)
The evolution of % gel formed was then graphically plotted with respect to drying 
time, providing an insight into the progression of the crosslinking reaction during film 
formation and the influencing factors.
5.4.1.2 MEASUREMENT OF SWELLING & CROSSLINK DENSITY
Gravimetric swelling studies are often used to study bulk polymers and thick coating 
films [10-12, 14, 33, 34] but the gravimetric approach is less easily applied to thin 
coating films. Thus ellipsometry experiments were carried out to complement 
gravimetric measurements. Latex polymer films were prepared on silicon discs and 
dried in air for known periods as for the gel fraction experiment described previously. 
The extent of swelling was determined using acetone as the swelling solvent.
165
Chapter 5 -  Keto-hydrazide Crosslinking during Latex Film Fonnation
For ellipsometry the instrument was equipped with a purpose designed enclosed 
sample cell (Figure 5.22). This enabled in-situ measurements of the swelling polymer 
film. (Several cell designs were evaluated with swelling achieved either by vapour or 
direct liquid contact. The alternative designs are shown in the Appendix.) In the 
experiment, the initial dry film thickness of the latex was recorded prior to swelling 
with acetone. The film thickness was monitored with time until an equilibrium 
swelling point was reached at which point the thickness was recorded.
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windows
Polymer film 
on silicon 
substrate
Solvent 
saturated 
filter paper
Solvent
Figure 5.22: Simplified view of the sample cell used for swelling experiments with 
spectroscopic ellipsometry.
The extent of swelling was determined from the ratio of swollen film mass or 
thickness to dry film mass or thickness given by:
Swelling ratio = Swollen film mass or thickness 
Dry film mass or thickness
(5.14)
Using values for vz calculated from the inverse of the swelling ratio: 
1
Vz =
(5 .15)
Swelling ratio
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the cross-link density was then calculated by substituting values for V] in to equation 
(5.12). An interaction parameter of 0.5 is typical for the interaction of poly(methyl 
methacrylate) and acetone at 25 °C [30] and was used in these calculations.
5.4.2 RESULTS AND DISCUSSION
It is expected that gel content of the polymer film will increase with time ideally 
reaching a constant maximum value of 100% once the keto-hydrazide reaction is 
complete. Moreover, it is anticipated that as the cross-link density of a polymer film 
increases then the degree of swelling of that material in a good solvent will decrease 
[6, 25, 27]. This observation has been reported by other researchers for similar 
studies on other crosslinking latex systems [10, 11, 14, 15, 31, 32]. In this work all 
gel fraction profiles show an initial steady, fast increase in gel content indicating that 
at least one cross-link per molecule has occurred. After the initial rapid increase, the 
rate of gelation slows, and the profiles exhibit a plateau at the maximum gel fraction 
for the system. (A 100% gel fraction represents a minimum of one crosslink bond per 
polymer molecule in order to tie it into the network.)
Figure 5.23 shows the gel fraction profiles obtained using spectroscopic ellipsometry 
for an 8 pm film composed of the “SCS” 1 wt.% latex. Similar results for 0.8 pm 
films were also obtained using VASE, but are not presented here. According to these 
results the gel fraction increases reaching 100% at -105 minutes. It was not possible 
to obtain measurements prior to 45 minutes due to the fragility and fragmentation that 
occurred during the solvent extraction process. In addition, the state of the film and 
the rate of ingress of solvent and subsequent film collapse after extraction resulted in 
the formation of opaque, poorly-reflecting regions, and crazing or wrinkling, as 
shown in the optical micrographs in Figure 5.24. This problem was especially 
problematic for films containing lower levels of crosslinker. Increased surface 
roughness in the latex film greatly inhibited the reflection of radiation from the film 
resulting in low intensity data that was extremely difficult to model. Although there 
is scope within the model to factor roughness this introduces greater uncertainty and 
error into the measurement.
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Figure 5.23: Graphs showing the evolution of gel content with ageing time for 1 
wt.% ADH “SCS” latex film. Measurements obtained using infrared spectroscopic 
ellipsometry.
«
Figure 5.24: Optical micrographs showing artefacts sustained by the drying latex 
film, cast on silicon substrate, during gel fraction and swelling experiments.
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In contrast the gravimetric experiments generated results for drying times as early as 
two minutes for films as thin as 1 pm. The influence of the level of ADH crosslinker 
on the polymer gel fraction is shown in Figure 5.25. Gel content increases rapidly 
over the first 15 minutes of film drying, after which the rate slows but never reaches 
100%. In order to investigate this observation further, films were subjected to 
vacuum drying rather than drying in air, and measured. An increase of around 2 to 
3% (not shown) in the final gel fraction was found, indicating some residual water 
retention in the air-dried films, but 100% gel was still not attained. The rate of 
increase in gel content and the final gel value are identical for 0.5 wt.% and 1 wt.% 
ADH. This would indicate that the 0.5 wt.% is sufficient to ensure that ADH reacts 
with at least one DAAM per molecule. Hence a film containing 0.2 wt.% achieves a 
lower gel fraction being insufficient for the crosslinking of every polymer molecule to 
attach it to a continuous network.
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Figure 5.25: Graphs showing the relationship between % gel content and film ageing 
time for “SCS” latex films containing different levels of crosslinker. Measurements 
obtained using a gravimetric method.
It is known that gel fraction is dependant on the polydispersity of the polymer [11]. 
Statistical variation means that some polymer molecules will have greater than 
average crosslinks per molecule, whilst others will have less than the average or even
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zero. Figure 5.26 (reproduced from a recent paper by Taylor and Winnik [11]) shows 
that as polydispersity increases then more crosslinked units are required to achieve a 
given gel fraction. Thus, a lower polydispersity favours a higher gel fraction for a 
given number of crosslinks. Using Figure 5.26, a polymer with 6 crosslinks per 
polymer molecule and a polydispersity of 1.7 will achieve a gel fraction of around 
96%. “SCS” latex has a polydispersity of ~2.7 thus for 1 wt.% ADH then 
approximately 90% gel can be anticipated at best.
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Figure 5.26: Graph showing the relationship between gel fraction and the average 
number of crosslinks per molecule with respect to polymer molecular weight 
polydispersity [10].
To achieve one crosslink per polymer molecule, required for 100% gel, then 16 of a 
molecule of crosslinker is required for each polymer molecule. On average each 
“SCS” latex polymer molecule contains sixteen DAAM groups. Using the previously 
calculated molar ratio values. Table 5.2 then the number of DAAM groups that can 
actually be reacted may be calculated. For 1 wt.% ADH “SCS” latex there are 0.37 
moles of ADH per 1 mole DAAM. It follows then that 37% of the available DAAM 
groups can be reacted, corresponding to 6 crosslinks per polymer molecule. In the 
case of 0.5 wt.% and 0.2 wt.% ADH “SCS” latex this reduces to 3 and 1 crosslinks 
per polymer molecule, respectively. Clearly this indicates that there is insufficient
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crosslinker present to react with all of the available DAAM groups which will 
therefore impact upon the achievable gel fraction.
Table 5.5: Summary of molar ratios of ADH crosslinker to DAAM groups and the 
number of DAAM groups that can be crosslinked as a function of the wt.% 
crosslinker in “SCS” latex.
ADH wt/% 
added to latex
Number of moles ADH:1 mole 
DAAM
Number of crosslinkable 
DAAM’s
1 0.37 6
0.5 0.18 3
0.2 0.075 1
The influence of crosslinker content on the degree of swelling of “SCS” latex for 1, 
0.5 and 0.2 wt.% ADH content, respectively, are shown in Figure 5.27. All films 
exhibit a rapid decrease in swelling up to around 5 days but then the rate slows and 
there follows a very slight increase in the crosslinking within the films. The degree of 
swelling is lowest for the latex film containing 1 wt.% ADH film and highest for the 
0.2 wt.% ADH material, as anticipated. This observation corresponds with a higher 
crosslink density. Figure 5.28, in the 1 wt.% ADH film and a lower crosslink density 
in the 0.2 wt.% ADH film. Notably, the crosslink density values obtained are 
significantly higher than the theoretical maximum crosslink density, 1.8 x 10"^  mol/g 
(calculation shown in Appendix). As the crosslink density measurements rely on the 
swelling ratio then this would indicate a limitation in the experimental method. It is 
probable that this issue arises from the use of thin films. Swelling studies are known 
to be problematic as it is difficult to prevent film collapse prior to measurement of the 
swollen film. This was certainly the case for the thin films in this study although the 
procedure was consistent and therefore the results comparable.
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Figure 5.27: Graph showing the change in swelling ratio with film ageing time for 
“SCS” latex containing different levels of ADH. Measurements obtained by 
gravimetric method.
E
o
E
<ncQ)T3
C
1
Ü
0.080
0.070 o-
0.060 A-
0.050
0.040
0.030
— -o — 1 wt.% ADH SCS 
--■--0 .5w t.%  ADH SCS
— -A— 0.2wt.% ADH SCS
0.020
0.010
0.000
10 40 500 20 30
Time after casting (days)
Figure 5.28: Graph showing the change in crosslink density with film ageing time for 
“SCS” latex containing different level of ADH. Measurements obtained using 
gravimetric method.
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Although a similar trend was obtained in data acquired using ellipsometry, Figures 
5.29 and 5.30, it was not possible to obtain measurements for films aged up to 24 
hours. Solvent swelling incurred wrinkling and other artefacts within the films, as 
previously described, that prevented acquisition of sufficient reliable data points.
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Figure 5.29: Graph showing the change in swelling ratio with film ageing time for 
“SCS” latex containing 1 and 0.5 wt.% crosslinker, respectively. Measurements 
obtained via infrared spectroscopic ellipsometry.
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Figure 5.30: Graph showing the change in crosslink density with film ageing time 
for “SCS” latex films containing 1 and 0.5 wt.% crosslinker, respectively. 
Measurements obtained via infrared spectroscopic ellipsometry.
Gel fraction measurements indicate that the latex particle size influences the rate of 
increase of the gel content. In Figure 5.31 the gel fraction of the “SCS” latex, 
comprising 80 nm particles, reaches a plateau at around 15 minutes. The rate of 
gelation is slower for larger particle size latex although the latices achieve similar
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levels of gel fraction after prolonged ageing. This trend is also reflected in the 
swelling (Figure 5.32) and crosslink density (Figure 5.33) experiments.
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Figure 5.31: Graph showing the change in % gel fraction with film ageing time for 1 
wt.% ADH “SCS” latex films with respect to particle size. Measurement obtained by 
gravimetric method.
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Figure 5.32: Graph showing the change in swelling ratio with film ageing time for 1 
wt.% ADH “SCS” latex films with respect to particle size. Measurement obtained by 
gravimetric method.
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Figure 5.33: Graph showing the change in crosslink density with film ageing time 
for 1 wt.% ADH “SCS” latex films with respect to particle size. Measurement 
obtained by gravimetric method.
In order to achieve 100% gel fraction the ADH must diffuse a distance on the order of 
the particle radius. The dependence of gelation rate on the particle size indicates that 
the reaction is limited by the diffusion of ADH into the latex particles. The results 
indicate that the ADH is partitioned mainly in the aqueous phase initially and enters 
the polymer phase during the later stages of film formation.
The film thickness of the latex dispersion was varied in order to probe the influence of 
water content on the progression of the crosslinking reaction. It has been discussed 
previously in this work that the keto-hydrazide reaction is inhibited by the presence of 
water. Thus keto-hydrazide crosslinking in a latex film it is not expected to occur 
unless sufficient fraction of the water component has evaporated. By studying films 
with different thickness the quantity of water per unit area required to evaporate was 
therefore varied.
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Figure 5.34: Graph showing the relationship between % gel fraction and film ageing 
time for 0.5 wt.% ADH “SCS” latex with respect to film thickness. Measurements 
obtained by gravimetric method.
Figure 5.34 reveals that the onset of crosslinking is delayed in thicker films, 
presumably due to the presence of more water per unit area. Furthermore, the “rate” 
of erosslinking (indicated in the slope of the lines in Figure 5.34) in thicker films 
appears to be slower which could be attributed to “skin formation” in the thicker film 
slowing down water evaporation and pH changes in the later stages of drying.
The catalytic influence of pH on keto-hydrazide erosslinking in the drying film was 
studied by comparing the performance of “SCS” latex neutralised with amines 
exhibiting different volatility. It is considered that the evaporation of ammonia, that 
is normally used to neutralise the dispersion, induces a change in pH thereby 
catalysing the chemical reaction. On the other hand, diethanolamine, a less volatile 
amine than ammonia, would be expected to reside in the film for longer thereby 
inhibiting the progression of erosslinking.
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Figure 5.35: Graph showing the relationship between % gel fraction and film ageing 
time for 1 wt.% ADH “SCS” latex with respect to neutralising amine. Measurements 
obtained by gravimetric method.
Figure 5.35 shows that whilst the onset of gelation is delayed in the case of the 
diethanolamine-modified “SCS” latex, it does not completely prevent erosslinking. 
Interestingly, the rate of gelation begins to slow at around 20 minutes corresponding 
to ~65% gel fraction. The gel fraction then gradually increases until a maximum is 
achieved comparable with the latex neutralised with ammonia. During this 
experiment it was observed that the film containing diethanolamine appeared less 
opaque shortly after casting, then glossier and became tacky with ageing compared to 
the ammonia neutralised films. An explanation for these observations is that the 
organic amine may well have plasticised the polymer particles promoting 
interdiffusion and molecular entanglements prior to erosslinking. The results show 
that a pH drop is needed to achieve a fast rate of erosslinking.
The properties of the bulk material can be described by the Young’s modulus of the 
coating, the surface hardness, or the extent of swelling in a solvent [8, 9]. These 
properties are largely governed by the density of crosslinks in the material (as density
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increases, these properties improve). Referring back to equation (5.9), the Young’s 
modulus was shown to be inversely related to Me [5]. On the other hand, properties 
such as tensile strength and scratch and solvent resistance are related to the degree of 
interdiffusion and nature of entanglement of polymer chains across the particle- 
partiele interfaces. The relationship between the diffusion coefficient of the polymer 
chain and its molecular weight (equation (5.1)) has also been highlighted [1]. 
Furthermore, according to Aradian [8, 9], the final state of the interfaces can be 
described by the control parameter, a, which is a ratio between the typical 
interdiffusion time, Tdiff, and the typical reaction time, Jkc«, and is also significantly 
influenced by the polymer molecular weight.
Tdiff is the time that it would take for the initial interface between the contacting 
particles to heal completely in the absence of reaction [8, 9]. This occurs when the 
interfaeial chains on either side have travelled a distance comparable to their own size 
inside the neighbouring piece of polymer. According to the theory of reptation [1,8, 
9], the time needed for a chain to travel over its own size is the so called reptation 
time, Trep which is expressed as:
(5.16)
-  = N,
where N  is the number of units in the chain. Ne is the number of units between 
entanglements, and Tq is a microscopic time typical of molecular agitation. Thus,
t N^ (5-17)
Y
From this equation we can see that a longer chain i.e. a higher molecular weight 
molecule, will take longer to diffuse.
Trxn is the time required to observe one reaction per chain in the system [8, 9] and is 
given by the equation:
T
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where Nc is the number of units between crosslinks in the polymer chain (the value 
reached when the reaction is complete, so this term is fixed), Q is the reactivity of the 
erosslinker, is the initial concentration of active sites along the polymer chain, and
b is the “capture” distance within which a reaction between two moieties can occur. 
This equation predicts that the reaction is faster when the erosslinker is concentrated, 
the chains are long, the erosslinker is reactive and the concentration of reactive sites is 
high.
Combining equations (5.17) and (5.18) the expression for a becomes:
Q A jffN ^  (5.19)
As the number of units in the polymer chain is directly dependent on the molecular 
weight then this equation can be re-written as:
Q A lrffM ^M l (5.20)
where Mo is the repeat unit molar mass. The most influential term in the above 
equation is the molecular weight, particularly as the dependency is with M  raised to 
the fourth power. When M  is very high i.e. a « l ,  then the prediction is that the 
interdiffusion time will be long with respect to the reaction time. As the value of M  is 
reduced then diffusion time becomes shorter compared to the reaction time.
In order to investigate the effect of molecular weight on the rate and extent of 
erosslinking in the system of interest, an additional batch of “SP” latex was prepared 
using half the standard level of initiator. “SP” latex was chosen for this experiment in
order to avoid complications arising from the different TgS of the core and shell
polymers. Although the gravimetric gel fraction results. Figure 5.36, show a 
difference in the rate of gel formation within the first 5 minutes after casting, this is 
not a significant difference due to the low number of data points. Both films reach a 
plateau at the same level of gel fraction. Whilst the low molecular weight polymer 
would be expected to exhibit much faster diffusion, it would be expected that the 
higher molecular weight latex would need to form fewer crosslinks in a given time in
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order to form a gel. It follows then that if molecular weight is high then the reaction 
time is short i.e. the reaction is faster in contrast to the case for low molecular weight 
where the reaction time would be long i.e. slower.
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Figure 5.36: Graph showing the relationship between % gel fraction and film ageing 
time for 1 wt.% ADH “SP” latex with respect to molecular weight. Measurements 
obtained by gravimetric method.
In support of this prediction, the level of swelling, Figure 5.37, reduces sooner and 
faster in the “SP” (higher molecular weight) latex. In this case Trxn is shorter because 
the molecular weight is larger. In contrast “SPLMW” exhibits a more gradual 
reduction in swelling presumably because at shorter ageing times there are gels that 
are not completely tied into the structure.
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Figure 5.37: Graph showing the relationship between swelling ratio and film ageing 
time for 1 wt.% ADH “SP” latex with respect to molecular weight. Measurements 
obtained by gravimetric method.
Both films exhibit a slower build in crosslink density, Figure 5.38, compared to the 
“SCS” latex. The crosslink density builds faster in “SP” latex compared to 
“SPLMW”, although both films finally achieve a similar level.
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Figure 5.38: Graph showing the relationship between crosslink density and film 
ageing time for 1 wt.% ADH “SP” latex with respect to molecular weight. 
Measurements obtained by gravimetric method.
Summarising at this point, the gel fraction increases rapidly in the first 20 minutes and 
then plateaus, but crosslink density continues to gradually build up to around five 
days. Crosslinking kinetics and density are sensitive to water content, pH variation 
and the choice of amine, particle size and molecular weight. Furthermore, the level of 
gel fraction is dependent on the polymer polydispersity as well as the molar ratio of 
DAAM groups relative to erosslinker molecules. In the next section, the influence of 
erosslinking on particle flattening is considered.
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5.5 EXTENT OF SURFACE FLATTENING DURING FILM FORMATION 
OF LATEX
Atomic force microscopy is recognised as a convenient technique for the study of 
latex film formation [35-40]. AFM benefits from ease of sample preparation and the 
ability to image non-conductive, sensitive surfaces under ambient conditions. 
Furthermore, AFM provides three dimensional numerical data that can be analysed 
using image analysis software in order to provide quantitative information on the 
quality of film formation.
The principle objective of this investigation was, by means of AFM, to probe the 
extent of particle flattening arising as a result of particle-particle interdiffusion during 
the film formation process. When a latex film ages above the Tg of the polymer it is 
anticipated that flattening of the latex particles in the film occurs concurrently with 
inter-particle diffusion of polymer chains [36]. AFM was used to monitor the change 
in surface morphology as the tops of the latex particles deform with time to provide a 
measure of the rate of flattening of the latex surface but not the inter-particle chain 
migration. It is expected that film flattening is not observed for films maintained at a 
temperature below the polymer Tg or for highly cross-linked polymers below and 
above Tg [36]. However, flattening is predicted for non-crosslinked polymers at a 
temperature above the Tg.
A number of other researchers have undertaken similar studies using AFM on 
different latex systems in order to contribute to understanding of the film formation 
process. Song et al [36] considered that molecular diffusion in the surface of the latex 
film is driven by the surface tension or surface free energy of the latex particles, and 
derived a diffusion model, based on differences in chemical potential inducing flow. 
Their model assumed that segments of macromolecules in the surface have a higher 
chemical potential than the macromolecules in a flat surface at the same pressure and 
temperature.
Lin and Meier [41, 42] monitored the flattening rates of poly(butylmethacrylate) film 
from the corrugation heights of the latex particles as a function of time at different
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annealing temperatures. They considered that the stress leading to particle 
deformation arises from the excess surface free energy of the cap and also capillary 
pressure arising from condensed water, and that the deformation of the particles is due 
to visco-elastic flow. On the other hand, Mazur et al [43] considered that elastic 
deformation is sufficient to achieve complete sintering before the onset of viscous 
flow.
5.5.1 EXPERIMENTAL PROCEDURE
In this work changes in the surface topography (roughness) of drying latex films were 
studied as a function of particle size, level of erosslinker, Tg, particle morphology and 
pH {via choice of neutralising amine).
To
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Figure 5.39: Simplified view of AFM experiment to probe surface topography
changes in the surface of a latex film during film formation.
Latex films were cast, using a glass rod, on to clean glass microscope slides. The 
samples were left to dry and age in air under ambient conditions of temperature and 
humidity, for known time periods, and then scanned (as simply illustrated in Figure 
5.39) using a Veeco Dimension 3100 atomic force microscope, operating in tapping 
mode, and equipped with an ultra-sharp silicon nitride probe tip. The scan areas 
acquired measured 5 pm by 5 pm in size.
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Roughness analyses were performed using Veeco Nansoscope v5.12r software. The 
average roughness, Ra, is defined as the mean of the absolute values of the departures 
of the profile from the centre plane [44, 45] and is given by:
L
(5.21)
where L is the length of the roughness curve m àf(x) is the roughness curve relative to 
the centre line as shown in Figure 5.40.
Z axis
Distance x of roughness profile 
from centre line
Ra
Roughness profile length, L
Figure 5.40: Simplistic roughness profile showing Ra measurement with reference to 
centre line
Several areas measuring 724 nm by 685 nm in size were analysed for roughness for 
each sample surface. These smaller analysis areas were used to eliminate the 
influence of macro roughness artefacts generated during sample preparation, and 
several measurements were made on each sample in order to generate a representative 
average.
Topography scans and section analyses were used to visually compare topography 
and peak-valley changes, and other surface changes.
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5.5.2 RESULTS AND DISCUSSION
Surface topography images of films prepared from different particle size latexes 
(Figure 5.41) show that as the film ages, although particle profiles are retained to 
some extent at the interface, subtle changes occur in the particle size and morphology. 
In the case of “SCS” aged for 1 month (Figure 5.4ID), latex narrow, flat “channels” 
surround the “particles” at the surface. This phenomenon is enhanced in the AFM 
amplitude images shown in Figure 5.42A-D. In contrast, the flattening phenomenon 
is not evident in the younger films, shown in Figures 5.41A-C and Figure 5.42A. 
Figure 5.41 E-H reveals that “MSCS” latex exhibits very similar levelling behaviour 
and particle “shrinkage”. Soon after casting, the images of the “LSCS” latex (Figure 
5.411-K) show a more ordered particle packing of particles at the surface compared to 
“MSCS” and “SCS” latex. However, at longer ageing times, “LSCS” particles adopt 
an unusual morphology film in which “blobs” of material can be observed on the 
peaks of the particles (Figure 5.41 L). This structure is particularly evident in the 
AFM amplitude images displayed in Figure 5.42D-F.
It is highly probable that the flattened region is attributable to some coalescence of the 
soft polymer phase, leaving the harder phase protruding at the film surface. In 
“LSCS” latex the “blobs” of material evident on the peaks of the large particle are due 
to isolated fragments of soft phase that has not “migrated” fully to fill the region 
between the high Tg particle cores. These images are especially significant as they 
imply that the soft phase is the particle “shell” and the hard phase is the particle 
“core”. During the emulsion polymerisation process the “soft” monomer mixture is 
the first feed, followed by the “hard” monomer phase and, thus, the AFM images 
indicate that a phase inversion occurred during that process.
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Figure 5.41: AFM topography scans showing the dependence of film structure on 
particle size and film formation time. Images A-D: “SCS” 1 wt.% ADH latex (60-80 
nm particle size); Images E-H: “MSCS” 1 wt.% ADH latex (150-200 nm particle size 
range); Images I-L: “LSCS” 1 wt.% ADH latex (250-300 nm particle size range.) 
Each row shows films aged for the same length of time, as indicated. All images are
1.25 pm X 1.25 pm.
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Images A & D: t = 1 hour Images B & E: t = 1 month Images C & F: Enlarged 
regions of Images B & E
Figure 5.42: AFM amplitude images showing the influence of particle size and 
crosslinker on topographic film structure. Images A-C: 1 wt.% ADH “SCS” latex; D- 
F: 1 wt.% ADH “LSCS” particle latex. The left column shows films aged for one hour 
and the middle column shows films aged for 1 month. (Images are 5 pm x 5 pm). 
The right column shows enlarged regions (2.5 pm x 2.5 pm) of film aged for 1 month.
Figure 5.43 shows that all films exhibit relatively rapid reduction in surface roughness 
with time and the roughness values appear to level out briefly before rising slightly 
again at the end of the measurement period. The increase in the roughness is an 
unexpected result but significantly it was exhibited by all core-shell latexes in this 
study at prolonged ageing times. Whilst a decrease in roughness due to flattening has 
been observed by others studying film formation of latex systems [35-36, 39], the 
phenomenon of subsequent increased roughening has not been previously reported. 
This observation may be explained by the gradual flattening of the film surface 
followed by the protrusion of the hard phase so that an uneven surface is maintained.
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Figure 5.43: Graph showing the relationship between roughness and film ageing 
time for latex with respect to particle size. Profiles are shown for “SCS” latex (60-80 
nm), “MSCS” latex (150-200 nm) and “LSCS” latex (250-300 nm).
The images in Figure 5.41 show that the surfaces of “SCS” films are generally more 
even than “MSCS” and “LSCS” latex. This is also reflected in the roughness values, 
Figure 5.43, in which the larger particle latex exhibits a rougher surface i.e. higher Ra 
values. This would be expected as the cavities between the particles, at least shortly 
after casting, would correspond approximately to the size of the particle radius.
The normalised roughness data (Ra/particle size) (Figure 5.44) takes into account the 
particle size difference. In this case the large particle size exhibits overall lower 
Ra/particle size values compared to small particles. After an initial decrease the 
profile for the large particle latex remains flat at longer ageing times. In contrast the 
smaller particles not only exhibit higher Ra/particle size but the profile shows an 
emphasised increase, as before, as later film ageing times.
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Figure 5.44: Graph showing the relationship between normalised roughness and film 
ageing time for latex with respect to particle size. Profiles are shown for “SCS” latex 
(60-80 nm), “MSCS” (150-200 nm) latex and “LSCS” (250-300 nm) latex.
These data may be explained by the influence of the magnitude of sampling area used 
for the measurement, notably the nature and type of undulations and irregularities in 
the cast film. In order to avoid cracks arising from film drying and cavities and peaks 
due to uneven film casting, the roughness measurements are taken for regions that are 
smaller than the original scan dimensions. In the case of a film comprising small 
particles then a number of corrugations will be evident even at smaller sampling 
regions (Figure 5.45A). In contrast, the size and location of the sampling region of 
large particle latex. Figure 5.45B, will significantly influence the roughness results. 
Sampling region 1 of Figure 5.45B encompasses a number of oscillations that 
contribute to the Ra measurement. Reducing the sampling size as in regions 2-4 
significantly reduces the number of oscillations. In particular, regions 3 (over a large 
particle) and 4 (flattened region in between two large particles) will appear more 
smooth as it contains fewer undulations compared to the equivalent sampling size of 
the small particle size latex.
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Figure 5.45: Illustration showing the influence of particle size, corrugations and 
magnitude of analysis region on the surface roughness.
The surface topography images in Figure 5.46 show that the level of crosslinker added 
to the latex, influences the surface structure. All films, with and without crosslinker, 
exhibit protruding “particles” at the surface with prolonged ageing. However, with 
decreasing crosslinker content, these peaks shrink in diameter (Figure 5.46D, H, L 
and P). In the amplitude images in Figure 5.47 “SCS” films with crosslinker (Figure 
5.47A-C) show minimal change in topography, whereas obvious flattening of the soft 
phase occurs in films without crosslinker (Figure 5.47D-F) leaving smaller particle 
cores at the surface of the film. These results indicate that crosslinked particles will 
have a greater elastic modulus and be more resistant to particle deformation during 
film formation. Moreover, the high Tg phase also contributes considerably to the 
topography and properties of the final film.
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Decreasing crosslinker content
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Figure 5.46: AFM topographic images of “SCS” latex showing the dependence of 
film structure on level of crosslinker and film formation time. The amount of ADH 
varies as: A-D 1 wt.% ADH; E-H 0.5 wt.% ADH; I-L 0.2 wt.% ADH; M-P as 
prepared (ADH free). The top row shows films dried for 1 hour and the bottom row 
shows films dried for 24 hours. All images are 1.25 pm x 1.25 pm.
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Images A & D: t = 1 hour Images B & E: t = 1 month Images C & F: Enlarged 
regions of images B & E
Figure 5.47: AFM amplitude images showing the influence of particle size and 
crosslinker on topographic film structure. Images A-C: 1 wt.% ADH “SCS” latex; D- 
F: as prepared (ADH free) “SCS” latex. The left column shows films aged for one 
hour and the middle column shows films aged for 1 month. (Images are 5 pm x 5 
pm). The right column shows enlarged regions (2.5 pm x 2.5 pm) of film aged for 1 
month.
The topography images in Figure 5.46 also show that the surface roughness appears to 
reduce both with ageing time and the level of crosslinker. Interestingly, the difference 
between the levels of ADH content is not reflected in the measurements in Figure
5.48, which suggest that varying the crosslinker content does not greatly alter the Ra. 
This result is probably due to the retention of the high phase profiles at the film 
surfaces maintaining undulations in the measurement region, and also highlights a 
limitation to the discrimination sensitivity of the AFM technique on these particular 
films.
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Figure 5.48: Graph showing the relationship between roughness and film ageing 
time for latex thin films with respect to crosslinker content. Profiles are shown for 
“SCS” latexes comprising 0.2 wt.%, 0.5 wt.%, 1 wt.% ADH and as prepared (no 
ADH), respectively.
Based on Chapter 4’s results, it is expected that crosslinking would be slower at high 
pH, which would be caused by a non-volatile amine. Latex neutralised with 
diethanolamine has been shown previously in this work to reduce the “rate” of 
gelation (Figure 5.35) although after approximately 20 minutes the films reach the 
same gel fraction. Films neutralised with diethanolamine and ammonia, respectively, 
appear to be similar in topography during the early stages of drying. However, as 
time progresses diethanolamine-neutralised films appear flatter, as shown in Figure
5.49, and this behaviour is reflected in the roughness measurements. Figure 5.50.
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Figure 5.49: AFM topographic images showing the dependence of surface structure 
on neutralising amine and film formation time. Images A-D: 0.5 wt.% ADH “SCS” 
latex neutralised with ammonia; E-H: 0.5 wt.% ADH “SCS” latex neutralised with 
diethanolamine. All images are 1.25 pm x 1.25 pm.
195
Chapter 5 -  Keto-hydrazide Crosslinking during Latex Film Formation
6.0
5.0
I  4.0
| a o
.cO)
I 2 °
—♦—  SCS latex & Ammonia 
-  Q -  SCS latex & Diethanolamine
0.0
70.030.0 40.0 60.00.0 10.0 20.0 50.0
Time (days)
Figure 5.50: Graph showing relationship between surface roughness and film ageing 
time for 1 pm latex films with respect to neutralising amine. Profiles are shown for
0.5 wt.% ADH “SCS” latex pre-neutralised with ammonia and diethanolamine, 
respectively.
It is feasible that on film ageing the organic amine might permeate and plasticise the 
polymer particles enhancing molecular interdiffusion, incurring more obvious film 
flattening.
In order to further investigate the influence of particle morphology and latex Tg, the 
same experiments were performed using “LTg” and “HTg” latices. The topography 
scans displayed in Figure 5.51 reveal that in films comprising “HTg” latex with 
crosslinker (Figure 5.51 A-D) particles retain their identity. The surface does not 
exhibit significant particle flattening, and particle boundaries remain. In the absence 
of ADH, the film structure is the same (images not shown). Hence, in this case it is 
the particle rigidity itself, and not the crosslinking, that is resisting particle flattening 
and interdiffusion.
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Images A-D: 1 
wt.% ADH “HTg” 
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Images E-H: 1 
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Images l-L: ADH 
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Figure 5.51: AFM topographic images showing the dependence of film structure on 
polymer 7g, crosslinking and film formation time. The top row shows the structure 
after one hour and the bottom row shows the structure after 24 hours. Images A-D: 
“HTg” latex plus ADH crosslinker; E-H: “LTg” latex plus ADH crosslinker; I-L: as- 
prepared “LTg” latex. All images are 1.25 pm x 1.25 pm
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In contrast, the “LTg” latex with crosslinker (Figure 5.51 E-H) rapidly forms a flatter 
film. Interestingly, a “honeycomb” structure was retained at the surface with particle 
boundaries apparent, as shown in Figure 5.5IH. This structure is not observed in 
crosslinker-ffee “LTg” latex films (Figure 5.51 I-L) which exhibited essentially 
instantaneous flattening of the surface particles and in which no particle boundaries 
are apparent. These results show that crosslinking inhibits particle flattening. 
Significantly, the crosslinker free “LTg” latex exhibited the presence of a surface 
residue during film formation. The nature of this residue is not known and therefore 
will be explored further in Chapter 6.
Not surprisingly, the “HTg” and “LTg” latices exhibit considerably different 
roughness results, as shown in Figure 5.52. The 1 wt.% ADH “LTg” latex film 
exhibits significantly lower Ra in contrast to the “HTg” and “SCS” latex films 
containing crosslinker. These latices are similar in particle size, and so the roughness 
differences are valid.
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— "A— SCS 1 wt.% ADH
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Time (days)
Figure 5.52: Graph showing the relationship between particle Tg and film ageing 
time for latex with respect to particle size. Profiles are shown for 1 wt.% ADH “SCS” 
latex, 1 wt.% ADH “LTg” latex and 1 wt.% ADH “HTg” latex.
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The similarity of the roughness data for “HTg” latex and “SCS” latices, together with 
the topographic images, indicate that the particle “cores” must strongly contribute to 
the surface and film properties. It would seem reasonable to conclude that the 
flattening observed with films composed of core-shell latex is due to coalescence of 
the low Tg particle shells, that fills the region between the high Tg particle cores.
The results of the AFM study show that the rate of interdiffusion is clearly influenced 
by latex polymer Tg and particle morphology as might be expected. Moreover, the 
inclusion of crosslinker does prohibit surface flattening of the low Tg phase. The 
observation of increased surface roughening with prolonged film ageing is unexpected 
but can be explained by the high Tg phase of the particles. Irrespective of the level of 
crosslinker content in “SCS” latex, the high Tg particle cores do not undergo flattening 
and instead remain protruding at the surface of the film, contributing to the surface 
roughness and final coating properties.
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5.6 CONCLUDING SUMMARY
Measurement of film pH has enabled the onset point for crosslinking to be predicted 
for drying latex. Change in surface pH occurs rapidly in the case of thin “SCS” latex 
films, and crosslinking is favourable only near and after the point of close packing. 
Interdiffusion will only occur after the polymer particles have made physical contact, 
and so interdifflision and crosslinking will occur concurrently.
Spectroscopic ellipsometry and gravimetric measurements have provided evidence to 
confirm the presence of and time-scale of crosslinking within the film. The results 
have clarified the catalytic influence of pH, and the dependence of the pH change on 
the evaporation of water and amine from the latex film. Crosslinking in latex depends 
on the pH change arising from evaporation of water and the neutralising amine 
(ammonia) and it has been shown that the choice of neutralising amine is important. 
The amine must be sufficiently volatile to evaporate with the water in order to incur 
the change in pH, catalysing the chemical crosslinking reaction within the drying 
latex. Volatile organic amines are likely to complicate the balance of the film 
formation process by enhancing interdiffusion via plasticisation of the polymer 
particles.
The evolution of gel formation and cross-link density have been found to be related to 
the latex particle size, partitioning and level of crosslinker, polymer molecular weight 
and polydispersity. The gel fraction in “SCS” latex increases rapidly in the first 20 
minutes after film casting and then plateaus. Whilst this would contradict the earlier 
anecdotal evidence that it takes at least 24 hours to reach optimal resistance, it was 
found from swelling studies that in fact the crosslink density gradually builds up for 
~5 days. Crosslinking is limited by the diffusion of the crosslinker from the aqueous 
phase into the polymer particles.
The core-shell latex system of interest never achieves 100% gel. It has been shown 
that this is in small part due to retention of water during drying in air. It is also 
feasible that intramolecular crosslinking between 2 DAAM groups on same molecule 
reacted with ADH is a contributory factor. The achievable level of gel fraction is
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dependent on the molecular weight polydispersity, and calculations have determined 
that 1 wt.% ADH is insufficient to crosslink all of the available DAAM groups in the 
standard formulation latex. However, it should be noted that increasing the ADH 
content would probably impact negatively upon the stability, shelf-life and film 
formation properties. ADH tends to precipitate from solution at concentrations greater 
than 10% in water. One can envisage that the presence of ADH crystals during film 
formation would inhibit particle-particle interdiffusion and poor partitioning would 
result in localised crosslinking resulting in poor mechanical strength and resistance of 
the final film.
The competing processes of interdiffusion and crosslinking were studied by the extent 
and rate of particle flattening using atomic force microscopy. The results clarified the 
contributions of particle deformity {i.e. particle 7^) and morphology to the final film 
structure and performance. Furthermore, it was discovered that in the absence of 
crosslinking the soft phase particle shells will undergo smoothing whilst the hard 
particle cores remained intact influencing final film performance. However, in films 
containing crosslinker, interdiffusion and flattening is significantly inhibited by 
chemical crosslinking.
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CHAPTER 6
SURFACTANT EXUDATION IN 
LATEX FILMS
6.1 INTRODUCTION
As described in detail in Chapter 2, surfactants are present in the emulsion polymer as 
they are used to emulsify the monomers during polymerisation and stabilise the latex 
[1-5]. However, as these additives are usually small and mobile molecules, they 
exhibit surface activity [4, 6] and are water soluble, and are potentially incompatible 
with the polymer [7-15] then they exhibit a propensity to migrate giving rise to 
undesirable end results. Consequently, the migration of physically adsorbed 
surfactants during film formation is a complex process which is still not fully 
understood and is therefore the subject of intense interest.
In the initial latex, cast on a substrate, the surfactant will be present in the water phase 
and at the particle-water, water-air and water-substrate interfaces [1, 5, 13-17]. A 
dynamic equilibrium of the surfactant molecules exists between these locations. 
Owing to the small size of the latex particles, the area of the particle-water interface is 
particularly high and so it is the main location of the surfactant in the latex.
As film formation proceeds and the particles come into contact, the surface area of 
each particle available for surfactant adsorption is decreased and thus surfactant 
desorption is expected [1, 5, 13, 14]. It has been reported that surfactant desorption is 
caused by the repulsion between the ionic heads facing each other when the surfactant 
layers become close together [18]. The moment and rate that desorption occurs will 
significantly influence the mobility of the surfactant in the latex [13, 14]. A surfactant 
molecule that is desorbed early in the film formation process will have more mobility 
than a molecule desorbed later. For example, the surfactant may be released into 
water and then be carried towards the film-air interface by the water flux [3 ,5 ,7 ,1 3 , 
14, 19]. The surfactant’s mobility depends on the molecular size [3, 20] and shape 
(affecting the molecular diffusion coefficient) and on the affinity between polymer
205
Chapter 6 -  Surfactant Exudation in Latex Films
and surfactant. If the surfactant is small its diffusion, migration and transport with the 
water flux will be faster in comparison to those of large molecules. On the contrary 
high molecular weight surfactants may be trapped inside the film as a result of their 
slower transport.
The rate of desorption is related to the amount of adsorbed surfactant and the 
adsorption free energy that is in turn dependent on the polymer-surfactant interactions 
[3, 5, 13, 14, 20]. If the chemical composition of the surfactant and polymer are 
compatible then the surfactant can dissolve and plasticise the polymer. If desorption 
does not occur readily then a continuous membrane network may remain at the 
internal polymer/polymer interfaces [5]. The presence of this hydrophilic network 
within the film will therefore profoundly influence the final film properties such as 
tensile strength, durability and water sensitivity. In the case of incompatible polymer 
and surfactant then phase separation can occur, with the formation of localised 
“pockets” within the film [7, 13, 14, 18, 21] and/or exudation of the surfactant to the 
film-air and film-substrate interfaces with drying [5].
It has been proposed that the rate of water evaporation from latex during film 
formation influences the distribution of water in the film {i.e. normal to the substrate) 
[3, 5, 13, 22, 23]. If the redistribution of particles by Brownian motion is slow in 
comparison to the rate at which the water level recedes then the water distribution in 
the vertical direction is predicted to be non-uniform [3]. In some cases, the surfactant 
is carried with the aqueous phase so that the last region to dry becomes enriched in 
surfactant [19]. Thus a slower evaporation rate should favour a more uniform 
distribution of surfactant. However, other kinetic effects are likely to be relevant in 
determining the surfactant distribution. With slower evaporation rates there will be 
more time for surfactant to desorb from the particles and to migrate to film interfaces.
Numerous researchers have reported studies on polymer-surfactant interactions and 
the distribution and fate of surfactant molecules in drying latex films [7-15]. In 
addition to the chemical composition and compatibility of the polymer and the 
surfactant [10, 11, 14, 15, 24], molecular weight of the surfactant [3], the level of 
packing achieved during the early part of film formation [3, 19], evaporation rate [3.
5. 13, 22, 23], other factors such as Tg of the particles [6, 18, 24], surface tension of
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the substrate [10, 12], temperature [2, 17] and relative humidity [13, 22, 23, 25] will 
affect the final distribution of surfactant.
It has been reported that a film containing 1% of surfactant can exhibit an average 
surface surfactant concentration of around 50% [26, 27]. Appearance of surfactant at 
the film-air interface will reduce the gloss of the latex film and cause face-face 
“blocking” problems [2, 5, 9, 10, 21], while accumulation of surfactant at the film- 
substrate interface will reduce the adhesion and peel strength [5, 28]. Excess 
surfactant present between particles during film formation will hinder coalescence of 
particles resulting in water sensitive, porous films [5, 8, 20].
During the AFM studies of particle flattening described in Chapter 5 an unknown 
residue was observed at the surface of some films during film formation, and the 
distribution was also seen to evolve with film ageing. Remarkably, it appeared that 
the properties of the latex particles and the level of crosslinking influence the 
surfactant exudation. These highly unexpected observations of “blobs” and “islands” 
therefore prompted further investigation.
In this chapter, the nature of the surface residue, anticipated to be due to surfactant, is 
established. This is accomplished through the use of AFM scans in order to determine 
the water solubility of the residue, and XPS (chosen for its surface sensitivity) and 
FTIR spectroscopy are applied to ascertain the chemical nature of the material and 
verify the state of the surface. Addressing the observations reported in Chapter 5, 
these techniques are then used in combination to resolve why residue appears at the 
surface of some films and not others, and what factors “trigger” exudation. Building 
on the earlier results, the relationship between particle deformity and the rate and 
extent of residue exudation is probed. In these experiments, the degree of particle 
deformity is modified via adjustment of the film formation temperature, latex particle 
Tg and crosslinking. Furthermore, the association between factors affecting the 
conditions of film formation (temperature, relative humidity and evaporation rate) and 
the kinetics of residue exudation are explored.
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6.2 EXPERIMENTAL 
6.2.1 EXPERIMENTAL MATERIALS
Butyl acrylate, methyl methacrylate, diacetone acrylamide, methacrylic acid, styrene, 
ammonium persulphate, adipic dihydrazide, ammonium hydroxide were supplied by 
Sigma Aldrich. Texapon K-12 (sodium dodecyl sulphate) was purchased from 
Henkel. HPLC grade water was supplied by Fisher Scientific Ltd. Phosphotungstic 
acid and ammonium molybdate were purchased from Agar Scientific Ltd. All 
chemicals were used without further purification.
6.2.2 CHARACTERISATION OF EXUDED SURFACE RESIDUE
In order to probe the physical nature of the residue and validate the observations 
reported in Chapter 5, as-prepared “LTg” latex films, cast on glass microscope slides, 
were examined by tapping mode AFM whilst varying the tapping intensity. This was 
achieved via modification of the cantilever oscillation amplitude set point. Tapping 
hardness was increased by reducing the amplitude set point value.
AFM topography and phase images were acquired at time intervals of one, 6, 24 and 
48 hours. The cross-section profiles of the topography scan were examined and the 
thickness change of the exuded layer with drying time was measured using Veeco’s 
Nanoscope Image Analysis program. The area coverage was evaluated using Leica 
Qwin Image Analysis software.
The water solubility of the surface residue was established by comparing AFM scans 
before and after rinsing with water. Films cast on glass microscope slides were left for 
two hours and then scanned by AFM. They were then submerged in a beaker of de­
ionised water for 10 minutes and on removal these samples were allowed to dry for 20 
minutes prior to re-scanning. Samples were left for a further 24 hours and scanned 
again.
In an attempt to establish the chemical nature of the surface residue, films were 
subjected to FTIR and XPS analysis. For the FTIR experiment, latex film was cast on
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to coated card and dried for 24 hours. The film was then pressed into intimate optical 
contact with a clean germanium prism (illustrated in Figure 6.1) that was then 
mounted vertically in an attenuated total internal reflectance (ATR) accessory (Figure 
6.2) installed within the sample compartment of a Mattson Research Series FTIR 
spectrometer.
Germanium prism
IR Radiation
Latex film
Figure 6.1: Simplistic view of the ATR experiment to study the nature of exuded 
surface residue on latex film. The latex film, cast on card, is secured in contact with 
the crystal for the FTIR analysis.
ATR crystal 
\ Sample placed between 
crystal and clamp .
retaining
Angle
adjustment
Figure 6.2: Vertical ATR accessory inside the sample compartment of the Mattson 
Research Series FTIR spectrometer. The image shows the configuration with a 
thallium bromide crystal but this can be easily interchanged with a germanium crystal.
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After initial analysis of the dried film, the surface was then rinsed using deionised 
water, taking care not to saturate and distort the substrate. After drying for 10 minutes 
the sample surface was re-analysed. The IR spectra obtained were evaluated and 
compared against those of reference materials.
In the XPS experiment latex films were similarly cast on card but in this case they 
were allowed to dry for four hours prior to analysis. A longer drying time was used in 
order to minimise the recovery time of the vacuum inside the XPS system. Samples 
were analysed before and after water rinsing and the spectra compared against those 
acquired for relevant reference materials. It should be noted that that the sample 
analysis by XPS was carried out by Miss Junko Sano of Dainippon Ink & Chemical 
Ltd. Central Research Laboratories in Sakura, Japan. Miss Sano forwarded the 
spectra for interpretation and comparison.
6.2.3 FACTORS INFLUENCING SURFACTANT EXUDATION DURING 
FILM FORMATION
Surface residue exudation was studied using AFM height and phase images, and 
probed as a function of latex Tg, temperature, crosslinking (with and without ADH), 
humidity and evaporation rate. Film formation at a temperature of 9 °C was achieved 
in a refrigerator. During film formation, the humidity was adjusted through the use of 
saturated salt solutions in a closed container, and through air flow above the film. As 
before, XPS was used to corroborate the surface state.
6.2.4 FATE OF THE SURFACTANT IN THE FILM
Latexes not exhibiting surface residue were subject to low voltage TEM in an attempt 
to locate the retained material within the film. For the TEM experiment, portions 
(each ~2mls) of latex were transferred to glass vials. Several drops of a buffered 
aqueous 1% solution of phosphotungstic acid, a stain, were added to one vial, and 
drops of a 1% solution of ammonium molybdate were added to the remaining vial. 
These latex solutions were allowed to stand for one hour after which time a drop was 
transferred by pipette on to a copper TEM grid and the excess fluid removed using 
filter paper leaving a thin layer. It was essential to produce thin films in order to
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facilitate observation at low voltage. Specimens were allowed to dry for 4 hours and 
then examined using a Hitachi S4700 field emission scanning transmission electron 
microscope, using 12 kV accelerating beam voltage. Films were again subjected to 
water rinsing in order to verify potential surfactant domains.
Attempts to cross section the films prior to examination by SEM and AFM were 
unsuccessful. In order to support the films for sectioning, embedding resins were 
used. Two resin types were evaluated, however, the most suitable material, that did 
not swell and dissolve the film, required curing at raised temperature which could 
significantly influence the degree of coalescence, and hence the location of the 
surfactant. A cold-embedding medium from Struers was identified as an alternative 
but due to time constraints was not pursued, but should certainly be considered for 
future research.
6.3 RESULTS AND DISCUSSION
6.3.1 CHARACTERISATION OF SURFACE RESIDUE
At high amplitude set point (in this case, at amplitude set point values greater than 
1.55) the probe tip did not correctly engage and track the surface. As this parameter 
was reduced i.e. creating harder tapping conditions, then images (Figure 6.3A and 
6.3B) were obtained showing the surface residue similar to those previously observed 
and shown in Figure 5.50. With successive reductions in the amplitude set point then 
subtle changes are observed in the structure and contrast of the topography and phase 
data (Figure 6.3C and 6.3H). Eventually, the level of tapping is hard enough to push 
through the residue resulting in linear striations that are particularly visible in the 
phase images (Figures 6.3F and 6.3H). In addition, the height variation within the 
sampling area is diminished (Figure 6.3G) indicating a more level area presumably 
the polymer interface. With increased tapping hardness the polymer layer is damaged 
and fragments of material and residue are redistributed over the surface, preventing 
continuous scanning and data acquisition.
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Figure 6.3: AFM micrographs showing the influence of increasing tapping hardness 
on the surface topography (“left” column) and phase images (“right” column) whilst 
scanning exuded surface residue. Images are shown for amplitude set point values of: 
A and B: 1.5; C and D: 1.3; E and F: 1.1; G and H: 1.0. Images are 5 pm x 5 pm.
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AFM scans of “LTg” latex, Figure 6.4, show the changes in the appearance of surface 
residue occurring at the surface with respect to drying time. Initially, shortly after 
film casting, the latex particle structure is just visible as shown in Figure 6.3 A but the 
surface residue is not readily observed in the topography and phase images. 
However, as the film ages, then a residue steadily appears (as shown in Figure 5.50) 
and the level of material increases to cover more of the polymer surface (Figures 6.3B 
and 6.3C). At later ageing times the residue appears to aggregate and reticulate, 
reducing the coverage of the polymer layer but forming thicker “blobs” as revealed in 
Figure 6.3D. This is similar to the observations reported previously by Tzitzinou and 
co-workers [1, 29]. Image analysis of the step height between the residue and the 
cavities show that over the time period studied the exuded residue reaches a thickness 
up to approximately 7 nm (Figure 6.3D). Tzitzinou [1, 29] observed a comparable 
level of residue thickness.
Table 6.1: Cross-section measurements of surface residue thickness with respect to 
film ageing time.
Image Ageing time (hours) Mean Thickness (nm)
A 1 Not measurable
B 6 -4
C 24 ~6
D 48 -6.5
Figure 6.5 shows the AFM images obtained pre and post water rinsing of the 
crosslinker free “LTg” latex. After rinsing the surface with water, the residue was not 
detected, which is expected for soluble surfactant [1, 19, 29]. Figure 6.5E and 6.5F 
shows the corresponding film surface after rinsing, in which no residue is observed. 
The rinsed film was left to age for a further 24 hours and AFM reveals that surfactant 
continues to exude to the surface of the latex layer, as shown in Figure 6.5G and 6.5H.
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Figure 6.4: AFM micrographs and cross-section profiles showing the change in area 
coverage and thickness of surface residue with respect to film ageing time for ADH 
free “LTg” latex. Image A: 1 hour; B: 6 hours; C: 24 hours; D: 48 hours. The 
thickness of the residue is shown at different points along the section views. All 
images are 5 pm x 5 pm.
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Figure 6.5: AFM micrographs (topographic images on the left and phase images on 
the right) of “LTg” latex without crosslinker showing the evolution of surface residue. 
A and B: latex film one hour after film casting; C and D: latex film 6 hours after 
casting; L and F: the same latex as C and D after rinsing; G and H: the rinsed latex 
after aging for a further 18 hours. All AFM images are 5 pm x 5 pm.
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Films were subjected to FTIR analysis in an attempt to establish whether the chemical 
composition of the residue is consistent with surfactant. The infrared spectrum of the 
surfactant, sodium dodecyl sulphate, that is shown in Figure 6.6, exhibits several 
sharp characteristic peaks in the region 3000-2800 cm‘  ^due to the C-H stretch of CH3 
and CH2 groups in the non-polar alkane chain of the molecule [30, 31]. A peak due to 
C-H deformation appears at -1470 cm'^ and to C-CH3 at -1370 cm '\ but these are 
much weaker and so are more difficult to follow during surfactant exudation. The 
polar head of the molecule yields peaks in the region of 1250 cm'% 1050 cm'^ and 633 
cm'^ due to S=0 stretching. In addition a characteristic peak attributable to S-O-C 
appears at 830 cm '\
0.601
0.20
0.15
0 .10’
0.05
0 .00 .
5004000 3500 3000 1500 1000
Wavenumber (cnr'')
Figure 6.6: FTIR Reference spectrum of sodium lauryl sulphate that was acquired 
with material combined with potassium bromide in a compressed disk.
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Infrared spectra of ADH free “LTg” latex films before (“black” spectrum) and after 
water rinse (“red” spectrum) are shown in Figure 6.7. Both spectra exhibit peaks 
consistent with the polymer composition: C=0 stretch -1730 cm '\ C-0 stretch at 
-1240 cm'^ and 1160 cm"\ C-H stretch -2800-3000 cm '\ C=C stretch -1650 cm '\ C- 
H bend at -1460 cm'^ and 1380 cm'  ^ [30, 31]. On cursory examination the spectra 
appear extremely similar with no immediately obvious absorbance differences. 
However, on closer examination it would appear that the spectrum obtained prior to 
rinsing has a much noisier baseline especially in the region 2000-1500 cm '\ This 
experiment was repeated and this feature of the baseline appeared consistently.
C-O-C stretch- ADH free “LTg” latex film
- ADH free “LTg” latex film 
after water rinse
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Figure 6.7: FTIR spectrum of latex without crosslinker after water rinse
From the overlay it can be seen that the pre-rinse spectrum contains extra weak peaks 
at -1650-1620 cm'^ adjacent to the strong C=0 stretch, and in the region -1520-1500 
cm'L Comparing these peaks with the spectrum in Figures 6.6 indicates that they are 
not related to the surfactant.
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Reference spectra for other components of the initial emulsion polymerisation were 
evaluated and it was found that both diacetone acrylamide (Figure 6.8) and 
methacrylic acid (Figure 6.9) exhibit strong peaks in the 1650-1620 cm‘  ^region.
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Figure 6 .8 : FTIR reference spectrum of diacetone acrylamide acquired as a cast film 
on a potassium bromide crystal.
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Figure 6.9: FTIR reference spectrum of methacrylic acid acquired as a cast film on a 
potassium bromide crystal.
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It is feasible that the absorption at -1650 cm'^ may be due to a C=C stretch arising 
from the methacrylic acid (CH2=C(CH3)COOH3), or it could be due to a N-H bend 
from the diacetone acrylamide (CHsCHCONHClCHslzCHzCOCHs)^^'^''. 
Significantly, methacrylic acid does not show any strong absorption in the 1550-1520 
cm'  ^ region and thus it is highly probable that the residue contains unreacted 
diacetone acrylamide monomer. Indeed, there is technical literature available that 
indicates that diacetone acrylamide is water soluble [32].
Referring again to the overlaid spectra in Figure 6.7, it is interesting to note that peaks 
in the region 3000 to 2800 cm'% 1730 cm '\ 1240 cm '\ and 1160 cm'^ appear stronger 
in the spectrum obtained for the film after rinsing. This is perhaps not surprising as 
there is now improved contact between the ATR crystal and the film after removal of 
the residue. AFM has shown that the exuded surface residue is uneven and it is likely 
that this has caused localised scatter of the probing IR radiation during analysis, as 
simplistically depicted in Figure 6.10.
Germanium prism
IR Radiation
Uneven surface residue
Sample
Figure 6.10: Simplified view of possible scattering of IR beam due to uneven surface 
residue in ATR/FTIR spectroscopy experiment
Summarising the FTIR analysis results, it is not possible to conclude with certainty 
the chemical composition of the residue, although it would appear that it contains 
some unreacted diacetone acrylamide.
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As the results of the FTIR analysis were inconclusive, films were also subjected to 
XPS analysis. This technique is known to be more surface sensitive than FTIR and 
provides elemental information about the state of the surface. XPS spectra were 
acquired for the initial emulsion polymerization components in order to establish their 
characteristic peaks. Figures 6.11 A and 6.1 IB show the reference spectra for the 
surfactant and the ammonium persulphate initiator, respectively. The spectra of both 
materials contain common peaks due to carbon (~280eV, ~1015eV), oxygen 
(~530eV, ~750eV) and sulphur (~170eV, ~230eV) content, but they also exhibit 
unique peaks, summarised in Table 6.2, enabling differentiation of these species in the 
XPS spectra obtained for the latex films.
Table 6.2: The characteristic peaks in XPS for sodium lauryl sulphate and
ammonium persulphate.
Element Position Component
Sodium ~30eV, ~60eV, ~270eV, ~1080eV Sodium lauryl sulphate
Sulphur ~170eV, ~230eV Ammonium persulphate
Nitrogen ~400eV, ~900eV Ammonium persulphate
The XPS spectrum. Figure 6 .12A, obtained for the film prior to water rinsing contains 
peaks for carbon, oxygen, nitrogen, but most notably peaks for sodium and sulphur. 
The intensity of the nitrogen peak is very small and much lower, relative to the 
sulphur peak, than for pure ammonium persulphate. Instead, this suggests that there 
could be a trace amount of diacetone acrylamide at the surface, but the dominant extra 
peaks are consistent with surfactant. After rinsing the film surface with water these 
elements were not detected (Figure 6.12B) with XPS, which is expected for water 
soluble surfactant.
In summary, the FTIR and XPS analysis results indicate that the surface residue is 
predominantly composed of a mixture of water soluble surfactant and diacetone 
acrylamide.
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Figure 6.11: XPS spectra for reference materials. Spectrum (A): sodium lauryl 
sulphate; spectrum (B): ammonium persulphate.
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Figure 6.12: XPS spectra of crosslinker-ffee “LTg” latex film four hours after
casting on card. The film surface before water rinsing (spectrum A) shows the 
presence of sodium and sulphur peaks that are not detected after rinsing (spectrum B).
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6.3.2 FACTORS INFLUENCING SURFACTANT EXUDATION
The previous AFM topographic images, Figure 5.50, indicated that a surface residue 
was not apparent in aged films cast from “HTg” and “SCS” latex, with or without 
crosslinker, and “LTg” with crosslinker. This unexpected result was investigated 
further using XPS to verify the chemical state of the surface.
The XPS spectra obtained for films of 1 wt.% ADH “LTg” (Figure 6.13A), and 1 
wt.% “SCS” (Figure 6.13B) latices do not contain peaks for sodium and sulphur 
arising from the surfactant. This is observed in films aged for four hours and in the 
insets that show the state of the surface 1 month after casting. In contrast, the XPS 
spectra obtained for ADH free “LTg” latex film for the same time periods (Figure 
6.14) show additional peaks attributed to sulphur (~170eV) and sodium (~260eV, 
-lOVOeV).
To summarise, the XPS results indicate that sodium lauryl sulphate surfactant is 
enriched only at the surface of low Tg latex films in the absence of crosslinker.
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Figure 6.13: XPS spectra showing the chemical stage of the surface of (A) 1 wt.% 
ADH “LTg” and (B) 1 wt.% ADH “SCS” latex films four hours after casting on card. 
The spectra after one month are shown in the insets.
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Figure 6.14: XPS spectrum showing the chemical state of the surface o f as prepared 
“LTg” latex four hours after casting on card. The spectrum after one month is shown 
in the inset.
In order to explore the influence of particle deformation on the rate of surfactant 
exudation, as prepared (no ADH) “LTg” latex films were subjected to drying at T<Tg 
of the polymer prior to AFM imaging at room temperature. The topography and phase 
AFM images in Figure 6.15A-C show that surfactant exudation is inhibited in 
comparison to films dried at room temperature {T>Tg), shown in Figures 6.15L-F. 
When the cooled films were raised to room temperature, the evolution of surfactant 
domains were then observed, albeit at a lower surface coverage compared to the film 
that had been formed at room temperature.
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Figure 6.15: AFM phase images showing the evolution of surfactant to the surface of 
a low Tg latex with time as a function of temperature and humidity. The age of the 
films in the first row is 90 minutes; second row 6  hours; third row 3 days. A-C: film 
formed at 9 °C and 51% relative humidity; D-F: film formed at 22 °C and 39% 
relative humidity. All AFM images are 5 pm x 5 pm.
Figure 6.16 shows some quantitative analysis of the surfactant exudation phenomenon 
in which the surface area of the surfactant regions is estimated from AFM images. 
The surface area of the surfactant increases approximately at a constant rate in all 
cases, but the rate is heavily dependent on the particle deformability. Harder particles, 
as obtained here when T<Tg, have a lower rate of surfactant exudation in comparison 
to softer particles that readily coalesce.
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Figure 6.16: The time-dependence of the surface coverage (in pm^) of the surfactant 
measured from analysis of AFM images. Films were stored at two different 
temperatures (9 °C and 22 °C) and similar humidities.
Holl and co-workers [6 ] reached a similar conclusion when they compared surfactant 
exudation from two latices having different Tg values. In their experiment, the 
differences in surfactant exudation might also have been explained by differences in 
chemical composition. In this work, on the other hand, the same latex is being used, 
so the difference in exudation rate cannot be attributed to chemical differences. These 
results could be explained by a co-operative mechanism between particle deformation 
and surfactant exudation. As particles coalesce then the surfactant is expelled from the 
particle interfaces, as illustrated simplistically in Figure 6.17. In the case of “LTg” 
latex the rate of coalescence is extremely rapid and there is insufficient time for the 
surfactant to diffuse and form aggregates within the bulk. Instead, the surfactant is 
forcibly excluded from the bulk towards the polymer-air interface. At this interface, 
the surfactant molecules will aggregate forming “blobs”.
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Figure 6.17: Simplistic illustration showing the evolution of surfactant with time for 
a latex at T<Tg. As the particles deform, surfactant molecules around the particles are 
desorbed and expelled towards the interfaces and to localised domains trapped within 
the film.
Further experiments were conducted in which the water evaporation rate during film 
formation was adjusted through the relative humidity. Recent modelling [3] of 
surfactant distribution has predicted that slower evaporation rates will lead to a more 
uniform distribution of surfactant in the vertical direction. The AFM images in 
Figures 6.18A-1 show visually that low Tg latex films exhibit rates of surfactant 
exudation that are dependent on the evaporation rate. In a dry atmosphere (13% 
relative humidity), wherein the water evaporation rate is fastest, surfactant exudation 
occurs very slowly and appears as small beads on the film surface. In comparison, a
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film dried at an intermediate humidity (39% RH) shows a higher rate of exudation and 
the small domains rapidly aggregate to form larger “blobs”. Finally, at high humidity 
(80% RH) and slowest evaporation, the surfactant rapidly exudes to the surface 
forming extensive coverage. Figure 6.19 shows quantitatively how the humidity 
affects the surfactant exudation.
-►Increasing Humidity
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22 °C and 13% 
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22 "C and 80% 
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Figure 6.18: AFM phase images showing the evolution of surfactant to the surface of 
a low Tg latex with time as a function of temperature and humidity. The age of the 
films in the first row is 90 minutes; second row 6  hours; third row 3 days. A-C: film 
formed at 13 °C and 51% relative humidity; D-F: film formed at 22 °C and 39% 
relative humidity; G-I: film formed at 22 °C and 80% relative humidity. All AFM 
images are 5 pm x 5 pm.
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Figure 6.19: The time-dependence of the surface coverage (in pm-) of the surfactant 
measured from analysis of AFM images. Films were stored at two different relative 
humidités, (13% RH and 39% RH) and at 22 °C. At 5760 min, the humidity was 
increased from 13% to 39% (highlighted region).
This observed trend in surfactant coverage is the exact opposite of what is expected 
from the model [3] that considers the surfactant transport in the aqueous phase. The 
model predicts the distribution of the surfactant taking into account the change in 
concentration of surfactant in the water phase during evaporation, the surfactant 
adsorption isotherm, and the surfactant Peel et number. The surfactant Peclet number 
depends on the molecular weight that determines the ability of the surfactant to 
accumulate at the surface and redistribute during film formation. The model, which 
neglects lateral drying fronts, always predicts excesses at the top surface of the film, 
and either excess or depletion at the bottom surface depending on the isotherm. In this 
work, however, not only is the evaporation rate varied (as considered in the model), 
but also the hydrophilicity at the film/air interface is increased with increasing relative
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humidity. The surfactant could be favoured at a more hydrophilic interface. 
Furthermore, water condensation in the surfactant layer could impart mobility to the 
surfactant.
In order to explore this phenomenon further, low Tg latex films were prepared under 
different drying conditions. Films subjected to an air stream, keeping the humidity 
low immediately above the film, were found to exhibit little surfactant exudation 
(Figure 6.20). On removal of the air stream, surfactant domains evolved as for a film 
dried under normal conditions. Films dried in partly and completely enclosed 
conditions (Figures 6.18C and D), effectively creating a higher humidity immediately 
above the film, were found to exhibit rapid and extensive surfactant exudation and 
coverage that increased in area as the evaporation rate decreased.
Figure 6.20: AFM Phase images showing the influence of evaporation conditions on 
the exudation of surfactant to a low Tg latex film surface (17 hours old). A: After film 
formation with fast evaporation under an air stream; B: film formation under normal 
evaporation conditions (39% RH); C: after film formation with slower evaporation 
obtained with a partly covered enclosure; D: after film formation with the slowest 
evaporation, obtained within a closed container. All AFM images are 5 pm x 5 pm.
6.3.3 FATE OF SURFACTANT
Many authors have speculated on the fate of surfactant during latex film fonnation, 
and the results in this work that have identified a number of factors inhibiting 
migration to the interface prompt the question -  where does the latex reside in our 
films if not at the top surface? In an attempt to answer this question, stained films 
were examined using low voltage TEM.
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The TEM image of 1 wt.% ADH “HTg” latex, Figure 6.21 A, shows the polymer 
particles within the film surrounded by the stained residual serum components. In 
order to substantiate the interpretation of this image, the film was subjected to a water 
rinse and then re-examined. Post-rinse, the dark stained material is no longer evident 
(Figure 6.2IB) as expected for surfactant. In contrast, images of 1 wt.% ADH “SCS” 
latex, shown in Figure 6.22, exhibit randomly distributed irregular “blobs” and 
“worms”. Contrary to the “HTg” latex film, the “SCS” film does not exhibit 
individual particles. Indeed, the polymer region is more evenly distributed and there 
are subtle variations in the contrast presumably due to the “soft” and “hard” polymer 
phases.
Summarising then, the TEM images appear to show that in “SCS” latex the surfactant 
is trapped as isolated “pockets” within the film. In contrast, the surfactant forms a 
continuous network surrounding the particles in “HTg” latex which does not undergo 
particle coalescence. Thus, the mobility of the surfactant is increased upon 
deformation and coalescence during the film formation process.
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Figure 6.21: TEM images showing 1 wt.% ADH “HTg” latex film stained with 1% 
ammonium molybdate. Image A shows the film as cast on the copper TEM grid and 
image B shows another area of the film after water rinse.
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Figure 6.22: TEM images showing 1 wt.% ADH SCS” latex film stained with 1% 
ammonium molybdate. Image A shows the film as cast on the copper TEM grid and 
image B shows another area of the film after water rinse.
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6.4 CONCLUDING SUMMARY
The amount of particle deformity was identified as a key factor in the amount of 
surfactant exudation. Factors that increase the amount of particle deformation and 
coalescence {e.g. higher film formation temperature, lower latex Tg, and no 
crosslinking) promote surfactant exudation. Conversely surfactant exudation is 
inhibited when particles are less deformable and slower to coalesce. In addition a 
more hydrophilic atmosphere (high humidity) encourages surfactant segregation at the 
interface with the film. Exudation to a clean surface can be triggered by raising the 
temperature (thus increasing particle deformation) or by raising the humidity (thus 
raising the hydrophilicity at the interface).
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CHAPTER 7
REVIEW AND FUTURE WORK
7.1 INTRODUCTION
As introduced in Chapter 1, the overall aim of this research was to study the influence of 
latex polymer particle properties on the competing processes of film formation and 
chemical cross-linking, and their relation with the dry coating performance properties. A 
number of key research questions were posed, and in this Chapter the principal findings 
of the research are summarised. Then new questions are posed with suggestions for 
future study.
7.2 CONCLUSIONS
Fundamentals of the keto-hydrazide reaction have been studied utilising a model system. 
The complementary use of Fourier transform infrared spectroscopy, NMR spectroscopy, 
and gas chromatography/mass spectroscopy has provided supporting evidence to clarify - 
for the first time - that the reaction yields an imine. No data support the presence of an 
enamine in the product. NMR provides additional verification suggesting tautomeric 
behaviour and hydrogen bonding of the product in solution. Moreover, the crosslinking 
reaction is acid catalysed, and the reaction rate increases as pH decreases. Hence, in the 
ammonia neutralised latex the crosslinking reaction is favoured by the loss of water 
during drying and the simultaneous decrease in pH arising from the evaporation of 
ammonia. Crosslinking is certainly possible once the latex particles are close packed, and 
there is a rapid increase in gel content in a short time period. The level of gel content 
depends on the molar ratio of the reacting components, the polydispersity of the polymer 
molecular weight, and the presence of residual surfactant and water within the film.
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The crosslinking influences the later stages of film formation. The flattening of latex 
particles and interdiffusion leading to the blurring of particle/particle interfaces, as 
observed with AFM analysis, were both inhibited by crosslinking. The amount of particle 
deformability was identified as a key factor in the amount of surfactant exudation. 
Factors that increase the amount of particle deformation and coalescence {e.g. higher film 
formation temperature, lower latex Tg, and no crosslinking) promote surfactant exudation. 
Conversely, surfactant exudation is inhibited when particles are less deformable and 
slower to coalesce. In addition, a more hydrophilic atmosphere (high humidity) 
encourages surfactant segregation at the interface with the film. Exudation to a “clean 
surface” can be triggered by raising the temperature (thus increasing particle 
deformation) or by raising the humidity (thus raising the hydrophilicity at the interface).
7.3 DISCUSSION AND RECOMMENDATIONS FOR FUTURE WORK
Since the time when experimental work was undertaken to verify the keto-hydrazide 
reaction mechanism using a model system and the measurement of pH change within a 
cast latex film, further literature [1] and supplier [2] information have been identified that 
suggest that crosslinking is most effective, yielding the best performance properties, at an 
optimum pH that is not too acidic This was alluded to in the discussion in Chapter 4. 
Further work should establish the optimum crosslinking pH  for “SCS” latex and to 
what degree the pH  influences the final mechanical strength and resistance properties 
of the polymer film? This may perhaps be achieved by using a range of neutralising 
agents and amines with different volatility in order to influence the film pH. 
Measurement of the degree of crosslinking as a function of pH using gel fraction and 
swelling together with rub resistance and tensile tests could be used to correlate the 
strength and resistance properties of the film with pH.
Whilst the results for the model system have provided valuable insight into the 
parameters influencing the reaction equilibrium and kinetics and have facilitated the 
proposal of a mechanism for the keto-hydrazide reaction, the simplistic system studied 
does not take into account the influence of serum components such as surfactant, initiator.
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and un-reacted residual monomer that could impinge on the efficiency of cross-linking. 
Moreover, in the simple system there is only one reactive group per molecule, and the 
reaction will not be subject to the hindrances imposed by the growth of the gel during 
crosslinking. How does the kinetics o f keto-hydrazide cross-linking within the latex 
quantitatively differ compared with the model system?
To probe this phenomenon necessitates the development of a method to follow the 
concentration of one or both of the reactants. Both FTIR spectroscopy and IR 
spectroscopic ellipsometry were applied unsuccessfully in an attempt to follow the 
depletion of the carbonyl groups during chemical reaction within the coatings. However, 
a more suitable experiment might exploit colorimetric analysis. A specific agent, 
sensitive to either the concentration of carbonyl groups on the latex polymer molecules or 
the amine groups on the adipic dihydrazide cross-linker could be added to the latex and 
the colour intensity probed in order to follow the reduction of the reactive group during 
cross-linking. Other researchers have found that colorimetric assay using 2,4,6 
trinitrobenzene sulphonic acid [3, 4], dimethylaminobenzaldehyde [5] or sulpho 
succinimidyl-4-o-(4,4-dimethoxytrityl) butyrate [6] are convenient for measuring free 
hydrazide groups in media containing adipic dihydrazide.
In the model system, the two reactants are both dissolved in the same solvent whereas in 
the latex dispersion the two reactive components are initially present in two different 
phases. It is anticipated that as the latex dries, the cross-linker, initially dissolved in the 
aqueous phase, must then dissolve in the polymer phase. This prompts the question: 
Where does the cross-linker reside in the latex initially and how does partitioning 
change during the different stages o f drying Le, at what point does it preferentially 
dissolve in the polymer particles?
Although some initial work using HPLC/MS was undertaken to try to establish the extent 
of partitioning in the initial dispersion state, the results were inconclusive and so were not 
included in this report. The principle of that experiment was to determine the amount of 
cross-linker available in the aqueous phase and then, knowing how much had been added
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to the dispersion initially, calculate by difference the amount present within the particles. 
Difficulties were experienced with the centrifuge process as the available instrumentation 
would not operate at sufficient speed for effective component separation. A syringe filter 
was considered as an alternative separation technique but to date no suitable products 
have been identified with a small enough pore size to be effective. Significantly, neither 
approach would subsequently be effective separation techniques as the solids fraction 
approaches 100% during drying. In order to understand the partitioning phenomenon it is 
essential to develop a far more suitable method or utilise a more appropriate analytical 
technique.
Probing of partitioning within the film during drying is difficult and it is likely that only a 
much more sophisticated technique such as small angle neutron scattering [7, 8] that is 
sensitive to the position and distribution of molecules would be suitable. Access to 
sophisticated instrumentation is limited, and a simpler, more convenient model system 
and measurement approach might be developed that enhances understanding of the scale 
and factors influencing partitioning.
A suitable model experiment might utilise FTIR spectroscopy with a horizontal ATR 
accessory. A thick polymer film, based on as prepared latex composition, could be 
applied to an ATR crystal (Figure 7.1) mounted in a horizontal sampling accessory. 
Aqueous cross-linker solution of known concentration would be introduced into the 
region above the film. FTIR spectra could provide evidence of cross-linker permeating 
the polymer film.
Alternatively, thick polymer film applied to an inert substrate might be submerged in a 
container of aqueous cross-linker solution of known concentration and pH. The 
concentration of cross-linker in the solution might be monitored at timed intervals, with 
analysis performed using UVWis, GC or HPLC/MS. Varying the concentration of the 
solution would mimic the change in solids fraction that occurs during latex drying. By 
modifying the composition and structure of the model polymer film, this approach might
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also provide insight into how polymer particle Tg and morphology^ and film  
crosslinking influence partitioning.
Polymer layer Cross-linker solution (aq)
IR Radiation
Horizontal ATR prism
Figure 7.1: Diagram showing the proposed horizontal ATR/FTIR experiment to probe 
cross-linker partitioning mechanism using a model system.
In order to predict the onset point for chemical crosslinking within the latex, the surface 
pH was measured with change in solids fraction. However, it was observed that although 
the surface becomes touch dry, the bulk underlying material is still wet. A separate 
gravimetric analysis provided information about the change in solids fraction with time. It 
would be particularly interesting to simultaneously probe these changes, and also to probe 
bulk pH change.
In this work a UV/Visible spectroscopy method was devised in which a colour change pH 
indicator was added to the latex allowing pH to be followed during drying. Initial results 
(Figure 7.2) indicated good sensitivity to pH change in the films, using litmus indicator 
and an integrating sphere accessory within the UV/Vis spectrometer.
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Wavelength (nm)
Figure 7.2: UV/Vis absorption spectrum showing the shift in absorbance maximum due
to the influence of film pH. Red line: alkaline polymer with litmus; blue line: acidic
polymer with litmus.
A number of problems were encountered with this reflectance method:
-  early stages of the drying, up to around 2 minutes, are missed due to the time taken to 
transfer the freshly prepared film to the holder within the spectrometer;
-  it is difficult to cast films with consistent thickness, impacting upon the absorbance 
measurement, as this value is directly proportional to the path length of the sample 
according to Lambert’s Law [9]. Optical microscope images of cross-sectioned film 
showed that even with careful, casting variation in thickness was on the order of 
around +/-10%;
-  the film thickness will change during drying;
-  the sample is vertically mounted within the integrating sphere accessory, and 
thickness changes might occur due to gravitational induced flow of the wet film.
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A standard solution cuvette was used in transmission mode but as the solids content 
increased, high absorbance values became immeasurable, as shown in Figure 7.3, due to 
lack of sensitivity of the detector. This is largely due to a limitation of the instrument 
which can measure to a maximum of 3.5 absorbance units only [10].
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Figure 7.3: Graphs showing the relationship between absorbance (measured at 502 nm) 
and concentration for solutions of latex in water as a function of latex particle size. 
Profiles are shown for solutions of “SCS”, “MSCS”, and “LSCS” latices
An alternative sample cuvette (“Uvette” [11] sourced from Fisher Scientific), shown in 
Figure 7.4, was identified allowing analysis of a reduced path length of sample. 
Although this reduced the problem and produced encouraging measurements, the 
aforementioned limitation of the instrumentation used prevented further work. Recently, 
Perkin Elmer [ 12] have recommended an alternative model better suited to this type of 
work that is able to measure up to 6.5 absorbance units. This option in combination with 
the “Uvette” sample holder should most certainly be pursued.
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10mm
Figure 7.4: Diagram showing Eppendorf Uvette sample holder enabling reduced path 
length measurements by UV/Visible spectroscopy [10].
An alternative method using a combination of the spectroscopic ellipsometer with an 
analytical balance mounted on the sample stage was also considered as a potential 
method, as it could allow simultaneous measurement of pH change within the film by 
reflectance whilst following the variation in solids fraction during drying of thin latex 
films. Whilst this would overcome the issues raised regarding vertical sample mounting, 
this approach could be inhibited by the opacity of the latex immediately after application 
preventing sufficient beam reflection.
This research has undoubtedly shown the influence of factors such as level of crosslinker, 
particle size, film thickness, and particle morphology on keto-hydrazide crosslinking 
within acrylic latex. Furthermore, the level of attainable gel fraction has been correlated 
with the degree of polymer molecular weight polydispersity. However, the influence of 
molecular weight, that is known to influence the time of diffusion [13, 14], has been less 
easily established. This is attributed mainly to the choice of latex preparation procedure.
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In this work molecular weight of the latex was modified by adjustment of the 
concentration of the initiator added in the emulsion polymerisation. The success of this 
approach has been difficult to gauge as gel permeation chromatography that was used to 
characterise the molecular weight produced continually variable results. Conclusive 
molecular weight data were not obtained, although results consistently indicated a 
difference between the molecular weight of the two latices. The subsequent gel fi*action 
measurements have been correlated with Aradian’s theory [15, 16]. The developing 
interfacial adhesion underpins the model [15, 16], and so given further research time it 
would be advantageous to corroborate the results in this study with the extent of adhesion 
and cohesion within the film via tensile measurements. In this work rub resistance tests 
have not proven sensitive enough to discriminate between the films in this study.
A distinct relationship between surfactant exudation and crosslinking, particle deformity 
{via temperature and 7^), humidity and evaporation rate had been established in this 
research work. For films where residue is not apparent then the question must be: what is 
the fate o f  surfactant in the latex film?  Further work is essential to identify the location 
of the retained surfactant due to the impact on the film’s mechanical strength, adhesion, 
and chemical resistance properties. If a significant level of surfactant is retained at the 
particle interfaces, as depicted in Figure 7.5A, then this would be anticipated to prevent 
particle-particle molecular interdiffusion that is essential for development of film strength. 
If the particle-particle interfaces “dissolve” at different rates, then it is possible that the 
surfactant might be forced and trapped in localised regions within the film, as depicted in 
Figure 7.5B, and this would be detrimental to the overall film cohesion [17, 18]. There is 
also the possibility that the surfactant may “dissolve” within the polymer. Exudation of 
the surfactant to the substrate interface would influence the coating adhesion [17, 18, 19, 
20]. Tensile measurements and water swelling experiments could discriminate whether 
surfactant is within the film or at the substrate interface. Polymer plasticisation arising 
fi-om the surfactant dissolving within the polymer could also be detected using thermal 
analysis.
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Figure 7.5: Simplistic view showing some possible surfactant distribution scenarios 
within latex film [14].
Low voltage TEM of stained latex films has been used in this work to reveal the presence 
in some cases of a continuous network and in others the appearance of “blobs” and 
“wonns” surrounding particles that may be attributed to retained surfactant. The use of 
energy dispersive X-ray microanalysis to map surfactant-related elements was not 
possible due to the low levels present and the beam sensitivity of the film. Rutherford 
back scattering, used successfully by Tzitzinou [21], would allow the distribution of the 
sodium containing surfactant to be identified and mapped. AFM exploiting phase and 
chemical mapping in tapping mode, and force volume imaging (exploiting the use of 
force-distance curves) in contact mode could be used to evaluate microtome sectioned 
films. Some initial work was undertaken to develop a suitable sample preparation method. 
A range of embedding resins and substrates were evaluated to support the latex, however 
those amenable to the latex required either thermal or catalyst cure that introduced 
considerable heating to the film and this would influence the particle defonnity and hence
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the surfactant location. The potential of the AFM method warrants that this approach 
should be pursued.
An alternative means to determine the location of surfactant in the structure would be to 
exploit the water sensitivity of the surfactant. Water extraction of the film followed by 
AFM was attempted with very encouraging results, but could not be followed due to time 
constraints. Water swelling followed by Cryo-SEM may also provide a suitable means to 
highlight the regions of residual surfactant.
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APPENDIX
1. ALTERNATIVE DESIGNS FOR SWELLING EXPERIMENT
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Figure lA: Vapour swelling of polymer within small enelosure within eell.
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Figure IB: Vapour swelling of polymer within cell.
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Figure 1C: Vapour swelling of polymer within small enclosure.
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Figure IE: Solvent swelling of polymer within cell.
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Figure IF: Solvent swelling of polymer within cell.
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Figure IG: Solvent swelling of polymer within cell.
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2. RAW MATERIAL FTIR REFERENCE SPECTRA
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Figure 2A: FTIR reference spectrum for butyl acrylate acquired as a thin film cast on 
a potassium bromide crystal.
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Figure 2B: FTIR reference spectrum for methyl methacrylate acquired as a thin film 
cast on a potassium bromide crystal.
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Figure 2C: FTIR reference spectrum for ammonium persulphate acquired as a
pressed disc with potassium bromide.
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3. CALCULATION OF THEORETICAL MAXIMUM CROSSLINK DENSITY 
FOR “SCS” LATEX
For “SCS” latex:
Total DAAM = 20.5 g 
Total Monomer = 331.66 g 
M d a a m =  169.22 g/mol
Moles DAAM per gram of polymer =
^20.y ^
/ 1 69.22
331.66
V
= 3.65 X 10 mol/g
y
There are two DAAM groups to one crosslink, thus the maximum crosslink density 
1.8 X lO"^  mol/g
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